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Abstrat
Cosmi rays arriving at Earth are the most energeti partiles ever measured, and the mystery oftheir origin and aeleration has perplexed physiists sine their disovery. Above 1015 eV, we anonly study them indiretly from the extensive air showers they produe in the atmosphere, usinglarge ground-based detetors. Reonstruting the original osmi ray's energy and mass from groundobservations alone is very diÆult, but possible from measuring di�erent omponents of an air showerwith a oinidene experiment.SPASE/AMANDA is a unique suh oinidene experiment, a surfae sintillator array andburied ie Cherenkov detetor working together at the South Pole. SPASE-2 detets the eletrons inthe air shower, while AMANDA-B10 detets the penetrating high-energy muons from their Cherenkovlight. Together, the two detetors pin down a very aurate shower position and diretion.A tehnique is developed in this work for haraterizing and quantifying the amount of lightreleased into the ie by the high-energy muons. The photon �eld is sampled by the AMANDAdetetor's optial modules, and �t to an expeted form. The amount of light is parametrized by theaverage measured amplitude at a �xed distane from the muons' trak (a parameter alled K50),whih is proportional to the muon energy loss in the ie.Combining the information from the two detetors (muons from AMANDA, and eletrons fromSPASE), the energy and mass of the osmi ray primary an be measured. Experimental data from1998 have been reonstruted in this way, and by omparing the data to simulations of proton andiron osmi ray primaries, the average log mass hlnAi of osmi rays as a funtion of energy hasbeen measured between 4� 1014 eV and 6� 1015 eV. The mass is unhanging at hlnAi = 2:0 up to1:2� 1015 eV, where the mass begins to rise to hlnAi = 2:8 at 6� 1015 eV.
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Chapter 1
Introdution to Cosmi Rays
1.1 Why osmi rays?In the early 1910's, Vitor Hess studied the mysterious disharging of eletrosopes on balloonsas a funtion of altitude, disovering an unforeseen soure of radiation oming from the sky. Theseosmi rays have perplexed physiists ever sine. Now known to inlude protons, atomi nulei,eletrons, positrons, and photons, osmi rays rain down upon Earth's atmosphere from all diretions.They are a radiation hazard to astronauts and Conorde ight attendants. Detetors both in spaeand on the ground have tried to determine their nature and origin.Astropartile physis in general and osmi ray physis in partiular o�er a unique astro-nomial window on this urious high-energy orner of the universe. In addition, it is beoming animportant tool for high-energy physis. While human-built aelerators are reahing a point of di-minishing returns in size and energy, osmi rays arriving at Earth are the most energeti partilesever measured, with energies of up to 3� 1020 eV [31℄.However, as in neutrino astronomy, what makes the study exiting is often the same thing thatmakes it diÆult. As osmi ray energies rise through the realm of supernova blast waves and intostrange new phenomena, our knowledge and understanding of ross-setions and energy loss physisbegins to dwindle. Finding a mehanism whih an generate these energies poses a hallenge to bothastronomy and partile physis. Measuring them at all (or at all well) poses an equally dauntinghallenge to designers of experiments. Without diret aelerator data to ompare to, osmi ray



2physis depends heavily on extrapolations, modeling, and assumptions.
1.2 The energy spetrumThe most striking feature of osmi rays is their falling power-law energy spetrum, measuredby many experiments using both diret and indiret tehniques (see Figure 1.1). The spetrum iswell-desribed by the power-law equation

dN=dE / E��
where the spetral power index � is a subjet of muh disussion and exitement. This spetral indexstays remarkably onstant at � = 2:7 aross a huge range of energies, from a GeV up to a PeV. Ataround 3 PeV (a point known as the \knee"), the power-law slope steepens to � = 3:0. Beyond theknee, at even higher energies, are still more puzzling features; in partiular, the spetrum attensagain at energies of around 1019 eV, in a feature known as the \ankle."
1.3 CompositionAt low energies where uxes of osmi ways are high, experiments an be own in spae or highin the atmosphere on balloons to identify the di�erent partiles in the osmi ray zoo with preision.In this regime there are plenty of lues to the mystery. The ratio of di�erent elements known tobe seondary and primary (for instane, B/C or sub-Fe/Fe) an be used to estimate the amount ofmatter that osmi rays have traversed on their way here [10℄. Proportions of radioative isotopespresent in osmi rays is an indiation of how long ago they were produed [10℄. Some experimentsan identify eletrons and positrons in the osmi rays, others searh for \ultraheavy" nulei. Suhtehniques have provided a wealth of valuable information for solving the puzzle, but only up toenergies of GeV per nuleon (see [13℄ for a review of some of these measurements).The highest-energy diret measurements of osmi rays are balloon-borne experiments suhas SOKOL, JACEE, and RUNJOB. At hundreds of TeV, osmi rays are dominated by protonsand nulei (eletrons and positrons having disappeared due to inverse-Compton sattering o� of the2.7Æ mirowave bakground). These instruments an distinguish between nulei (protons, helium,CNO, Mg-group, and iron) up to about 1014 eV. At 1015 eV, however, the ux of partiles has
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Figure 1.1: Energy spetrum of osmi rays, from [7℄.



4fallen to one partile per m2 per year, far too low for even a satellite-borne instrument to olletsigni�ant statistis. We must turn instead to large ground-based detetors, whih an indiretlymeasure properties of the osmi rays by observing the extensive air showers that they produe inour atmosphere. To understand data from these experiments, we rely heavily on theoretial modelingof these air showers.
1.4 Extensive air showersWhen a osmi ray primary partile enters Earth's atmosphere, it interats with a nuleus(most likely nitrogen) and produes a asade of partiles known as an air shower. This �rst inter-ation of the primary ours at a depth in the atmosphere haraterized by its interation length� / 1=� where � is the ross setion for the interation.The produts of the �rst interation inlude seondary hadrons (smaller nulei) and hargedand neutral pions (and also kaons if the primary energy is high enough). The neutral pions deay totwo gamma rays, whih then produe e+; e� pairs in an eletromagneti asade:�0 !  + u�! e+ + e�:Meanwhile, hadrons interat with other partiles and disintegrate into smaller nulei. The hargedpions and kaons deay to muons and neutrinos:�� ! �� + �� (or ��)The neutrinos esape detetors' further notie, while the muons reah the surfae only if they do notdeay en route.Throughout the shower, the balane of partiles is determined by the hanging probabilitiesfor interation or deay. At the beginning of the shower, seondary nuleons and eletrons have highenergies, partile interation rates are high, and the total number of partiles is inreasing. As thepartiles lose energy, however, they drop below thresholds for further partile prodution, and theshower begins to thin out. In between these two phases of the shower is \shower max," the point atwhih the partile ount reahes its maximum.There are three omponents, then, that an be measured at the ground: the eletromagneti
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Figure 1.2: An extensive air shower and its di�erent omponents, from [9℄.



6omponent (photons and eletrons), the hadroni omponent, and the muoni omponent1. Figure 1.2summarizes these omponents. A 1 PeV proton primary will produe on average 80% photons, 18%eletrons, 1.7% muons, and 0.3% hadrons at sea level [10℄.
1.5 Air shower detetorsGround (or underground) detetors for air showers ome in as many varieties as there arepartiles to detet, if not more. Some of the ommon tehniques inlude:� Sintillators, whih detet the passage of harged partiles through a sintillating medium.They are primarily used to detet the eletromagneti omponent, but if shielded with lead (orburied deep underground, as in MACRO and Soudan-2) they an also be used to detet muons.� Air Cherenkov telesopes, whih detet Cherenkov light from relativisti harged partiles inthe medium of the atmosphere.� Ionization hambers, whih detet hadrons.� Atmospheri uoresene detetors, whih detet the uoresene emission from N2 moleulesexited by the air shower partiles.� Water/ie Cherenkov telesopes, whih detet Cherenkov light from relativisti muons passingthrough ie or water.Having suh a variety of detetion methods is very important. Sine any one experiment an fallvitim to unknown systemati e�ets or inorret modeling, ross-heking between fundamentallydi�erent measurement tehniques an help reassure us that we are on the right trak. Furthermore,employing multipartile measurements within one detetor (or operating multiple detetors in oin-idene) is a powerful tool for disentangling all the interdependenes whih an onfuse an analysis.
1.6 Observations and data at the kneeMany experiments, based on the di�erent detetion tehniques desribed above, have exploredosmi rays in the knee region. The knee itself (the hange in power spetrum index) has been1Tehnially speaking, of ourse, one an also measure the neutrino omponent with a detetor on the other side ofthe Earth, as is done with AMANDA [77℄ and other underground detetors.
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Figure 1.3: All-partile energy spetrum, in the region of the knee, from [1℄.
observed by all experiments with sensitivity in this region, whether they detet the eletromagnetiomponent, muon omponent, or hadron omponent of the showers, as shown in Figure 1.3.Figure 1.4 sets the stage for our disussion of osmi ray mass omposition. At 100 TeV to1 PeV, diret measurements are still possible but statistis are sare and error bars are large. Atthese same energies, air shower experiments beome sensitive. Laking the ability to diretly measureosmi ray mass on an event-by-event basis, air shower detetors must use indiret tehniques tomeasure the omposition of the osmi rays, whih will be disussed in more detail in Chapter 3.These methods are highly model-dependent, making the absolute proportions of the various nuleivery diÆult to measure reliably.Many experiments therefore hoose rather to emphasize hanges in omposition (the upward
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Figure 1.4: Mean log mass (lnA) as a funtion of energy, in the region of the knee,from [30℄.
or downward trend of some mass estimator), whih is a more robust measurement. But even then,as one an see in Figure 1.4, past 1 PeV the results of di�erent experiments begin to diverge anddisagree. Although many experiments favor heavier nulei with inreasing energy, a handful of them(most notably DICE) �nd the nulei getting lighter2. CASA/BLANCA data shows the ompositiongetting �rst lighter and then heavier through the knee region. So do osmi rays get lighter (more\proton-like") or heavier (more \iron-like") with energy? The question must still be onsidered open;in this work, the SPASE and AMANDA detetors will weigh in.

2The DICE experiment reently announed updated omposition results, in whih ertain systemati e�ets in theirdetetor were taken into aount. After the systematis orretion, the lightward-sloping result shown here is nowatter (more onsistent with zero omposition hange) [59℄.
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Chapter 2
Cosmi Ray Aeleration and Propagation
2.1 A likely mehanism: Fermi Aeleration\Fermi Aeleration," �rst proposed in 1949 [15℄, is a model of partile aeleration in a di�u-sive medium ontaining shok fronts.1 Fermi's original paper proposed what is now alled \seond-order Fermi aeleration," in whih a partile is aoat in a sea of shoks or disturbanes moving inrandom diretions o� whih it an satter (in partiular, Fermi imagined \magnetized louds"). Thepartile enounters a shok head-on (whih boosts its energy) more often than a shok from behind(whih drains its energy). After many suessive shoks from randomized diretions, the partilewill have gained more energy than it will have lost, leaving it with a net aeleration. Although apromising andidate for an aeleration mehanism for osmi rays, this theory was found to be too\slow" to explain them.However, under di�erent onditions a similar idea (involving shoks and di�usion) o�ers aompelling solution to the osmi ray aeleration problem, and is now the most favored model. Called\�rst-order Fermi aeleration" or \di�usive shok aeleration," this model has been approahedfrom several di�erent angles [17, 18℄ whih all give the same basi answer. The priniple is bestvisualized as single shok front with a partile rossing bak and forth aross it.The shok wave itself an be thought of as a disontinuity in veloity between two plasmas,one upstream with a veloity U1, and the other downstream with slower veloity U2 (see Figure 2.1).In this desription, the disontinuity itself is at rest. Alternatively, one an onsider the upstream1Good reviews of osmi ray aeleration theory inlude Drury [11℄, Gaisser [2℄ and Chapter 21 of Longair [3℄.
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Figure 2.1: First-order Fermi mehanism diagrams, from [3℄.
material to be at rest. In this piture, the shok and the material downstream of it (the interstellarmedium into whih the shok is spreading), have a veloity U1 � U2 = U .A partile in either of these plasmas satters o� of the magneti strutures and disturbanesin the plasma. It di�uses through the plasma (with a harateristi di�usion onstant �) and iseventually isotropized in diretion. If the partile's motion does not itself inuene the magnetohy-drodynamis of the plasma, then it is alled a \test partile" and many simpli�ations an be made.For one thing, the ratio of the veloities U2=U1 (also alled the \ompression ratio" r) is determinedby the ratio of spei� heats  of the two plasmas (for an ideal ionized gas,  = 5=3):

r = U2=U1 = ( + 1)=( � 1) = 4
If a partile with speed v rosses the shok front at an inident angle � (either upstream !downstream or downstream ! upstream), it will appear in the rest frame of its destination region



11to have gained momentum, equal to [11℄:�pp = U1 � U2v os � = Uv os �Averaging over angles �, this yieldsh�pip = 43 �U1 � U2v � = 43 Uv = �for eah pair of rossings (bak and forth aross the shok). Sine partile diretions are isotropizedon either side of the shok, a partile is likely to make repeated shok front rossings and thus gainenergy repeatedly. Unlike the seond-order Fermi proess with its randomized shok diretions, thisproess is �rst-order in U and is often likened to the aeleration of a ball bouning between twowalls moving toward eah other. The proess ontinues until the partile esapes from the shokenvironment. Thus the distribution of energies of the partiles depends on the balane between theaeleration timesale and the esape timesale.A partile in the upstream region annot esape, but during the time it spends in the down-stream region, the probability of esape is given by [11℄:Pes = 4U2=vIf the proess is left to ontinue for a long time, and if we assume that the system is in a steady state,then we an ompute the momentum (or energy) spetrum of the partiles. After n yles bak andforth aross the shok, a partile of initial energy E0 now has E = E0(1 + �)n, while the probabilityof not esaping during those n rossings is (1�Pes)n. The number of partiles whih are suessfullyaelerated to energy E an be solved for2:N(> E) / (E=E0)� where  � Pes=� = 3U2U1 � U2Turning this into a di�erential distribution yields:dN=dE / E�(1+)The resulting aelerated partiles follow a power-law energy spetrum. This makes the theoryan appealing explanation for many astrophysial phenomena. Non-thermal partiles obeying power-law spetra abound in the universe, espeially in loations where one might expet shok fronts; the2See [2℄, [3℄ for details of the derivation.



12bow shok of the Earth (or of other planets) as it passes through the solar wind is a well-knownexample within our own Solar System where non-thermal partiles are observed. Further out in theuniverse, non-thermal partiles are seen in stellar wind termination shoks, supernova remnants, andother shoked environments.This formulation (with r = 4) predits  = 1, leading to a osmi ray spetral index of �2.This is the spetrum of the partiles at the site of their aeleration; the partiles must then bepropagated through the Galaxy to the Earth. Sine the rate at whih osmi rays esape from theGalaxy inreases with osmi ray energy, the underlying energy spetrum at the soure (the \injeted"spetrum) must be atter than the spetrum observed at Earth:
I(E)Earth = I(E)soure�(E)The mean esape olumn density, �, goes as E�0:6 [16℄ (this is observed from the primary to seondaryratio as a funtion of energy). So the theory predits a osmi ray spetrum at the Earth with anindex of �2:6, whih is very lose to the measured index of �2:7.Modi�ations of the basi theory an hange the index;  is generally parametrized as 1 + �,where � is a small orretion. For instane, adding on�nement of partiles near the shok by Alfv�enwaves steepens the spetrum. Weakening the shok (reduing the ompression ratio to r < 4) [12℄,or adding synhrotron losses during the aeleration also steepen the spetrum. Lifting the \testpartile" ondition and allowing the aelerated partiles themselves to exert pressure on the systemattens the spetrum. More aurate magnetohydrodynamis (inluding non-linear e�ets, spheriityof shok waves, et.) have been studied in detail by a variety of theorists, but the simple piture allowsus to make order-of-magnitude estimates of many of the expeted properties of osmi rays.

2.2 A likely origin: within the GalaxyCosmi rays arrive isotropially at Earth (aside from a small dipole anisotropy whih isonsistent with the e�et of the Solar System's motion through the interstellar medium [11℄) towithin a few parts in 104 at 100 GeV [16℄. But this is expeted, as the trajetory of any hargedpartile traveling through the Galaxy's magneti �eld B will be bent with a gyroradius equal torg = p=ZeB � E(1015eV )=ZB(�G) (for a radius in parses). For protons of energy 1015 eV, mov-



13ing through a galati magneti �eld of 2 �G, this radius is half a parse, muh smaller than theGalaxy itself. Thus the galati magneti �eld ontains the osmi ray partiles and isotropizes theirdiretions.At low energies, the relative abundanes of di�erent nulei provide important lues to osmiray origin. Lithium, beryllium, boron, sub-Fe nulei, and 3He, are all more abundant in osmirays than in the Solar System. These elements an be produed by the fragmentation of a heaviernuleus when it ollides with interstellar matter, a proess alled spallation. Common soure elementsprodue rarer seondaries: Li, Be, and B are produed from spallation of C, sub-Fe elements fromFe, and 3He from 4He. The abundane of seondary nulei relative to primary nulei measures theamount of material along the osmi ray's journey from soure to Earth; the more material alongits path, the more spallation and the greater the ratio between seondary and primary abundanes.From measuring and modeling these relative abundanes, we know that the path length of lightosmi ray partiles through the medium they travel through is � 80 kg m�2 at a few GeV [11℄(depending on energy, as disussed above).Meanwhile, radioative isotopes provide a measure of osmi ray age, how long they have beentraveling. 10Be makes a good lok, with a half-life of about 3 � 106 years. Its abundane relativeto more stable nulei indiates an age for osmi rays of about 20� 106 years [16℄. Putting the twopiees of information together and using the relation � = �vtage , we an ompute the average density� of the medium through whih osmi rays travel: about 0.3 atoms/m3 [34℄, and onlude thatthese osmi rays are on�ned to the Galati disk (where � � 1 atom/m3) and halo (whih is lessdense) for their entire lifetime.
2.3 A likely soure at the knee: supernova shoksA supernova produes a total of 1050 � 1052 ergs. 90% of this energy is released in the formof neutrinos, so at most 10% an be onsidered available to aelerate osmi rays. The rate ofsupernovae is something on the order of 1-10 per galaxy per entury (or about 10�9 supernovae/se).So the total power available for the aeleration of osmi rays in our own galaxy is EsnRsn �1040 � 1042 ergs/s. Meanwhile, from the spetrum and intensity of osmi rays we an ompute thetotal power required to sustain the osmi ray population in a steady state: it equals the energy



14density of the partiles (1 eV/m3) times the volume of the Galaxy (about 1011 p3) divided by thelifetime of the partiles (2� 107 years), whih equals about 1040 ergs/s. The oinidene in numberssuggests that supernova shok waves make a good andidate for the aelerators of osmi rays.The model is far from on�rmed, and plenty of details are still left to explain. A shokmoving through the normal interstellar medium annot reah energies beyond the knee, but a shokexpanding into an already energeti environment (suh as the hot stellar wind of the progenitor staror a Wolf-Rayet star [20, 21, 22℄) ould bridge the gap in energy between the knee and the ankle. Analternative theory proposes that the Galati osmi rays disappear at the knee and an extragalatisoure takes over: for instane aelerated protons from aretion disks of ative galati nulei(AGN) [23℄.
2.4 Maximum energy of the Fermi mehanismSine the Fermi mehanism for aeleration is gradual over many yles aross the shok,aeleration must be able to ompete with energy loss. Furthermore, a shok environment (suh asa supernova) has a �nite age and therefore a �nite time in whih partiles that we observe ouldbe aelerated. These onsiderations lead to a natural uto� energy for Fermi-aelerated partiles.Aeleration will stop when the aeleration timesale tael exeeds the age of the shok.The aeleration timesale is determined by the di�usion onstant of the plasma, � and thespeed of the shok U and is roughly tael / �=U2 [11℄. But the length sale on whih a partiledi�uses in a magneti environment (= �=v) is on the order of its gyroradius. For maximum eÆieny,� = (1=3)rgv. In other words, for partiles with a given energy, heavier nulei have smaller gyroradiiand are easier to aelerate quikly. But the aeleration timesale inreases with energy as partilesbeome harder to deet or satter.Thus, if the aeleration is limited by the age of the shok (equal to R=U where R is the radiusof the aeleration region and U is the shok veloity3), then:

tage = tael3Supernova shoks have a more ompliated relation between age and size, but to keep the theory general we willmake this estimate.
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R=U = �=U2

R = �=U / rgv=U = � pZeB� vU = EZeB 1U
Emax / RZeBU

One an arrive at the same answer by requiring that the di�usion length sale be smaller than theaeleration region, or (as is true of aelerators in general) that the gyroradius of the partiles beless than the size of the aelerator. In this sense the energy uto� is a general feature of aelerators.For a typial � of a supernova shok = 0.01 [11℄ and a typial radius R of a supernova shokregion = 3�1017 meters, a proton's Emax omes to 1014 eV, just below the knee. But the aelerationlimit for di�erent elements should our at a onstant rigidity p=Ze. In other words, there should be aknee in the proton spetrum �rst, and in the iron spetrum later. Composition-sensitive experimentsshould therefore observe an inrease in the proportion of heavy elements in the osmi ray spetrumas we pass the knee and protons are being drained from the spetrum (see Figure 2.2).



162.5 The leaky box modelThe observed knee ould reet a spetrum hange at the soure, as disussed above, oralternatively it ould be due to a hange in propagation behavior of osmi rays. The on�nementand esape of osmi ray partiles an be primitively desribed by a \leaky box" model. In thismodel, partiles di�use freely within some volume, and are reeted at its boundaries but with someprobability of esape from the volume at eah reetion. As a result, the degree of on�nement ofosmi rays depends on the rigidity p=Ze. Iron, with its smaller gyroradius, is more on�ned bymagneti �elds; therefore it leaks out of the Galaxy less easily. Like the Fermi maximum energymodel disussed above, the leaky box model predits a spetral uto� for eah partile at a �xedrigidity. Protons would disappear �rst and iron last, with the omposition getting heavier throughthe knee.
2.6 Physis at the ankleIf the physis of the knee is a mystery, then the physis in the \ankle" region of the osmiray spetrum (1019 � 1021 eV) is an even deeper mystery. The highest energy partile measured todate has an energy of around 3 � 1020 eV [31℄. This is equal to about 50 Joules, or the energy ofa tennis ball moving at 100 km/hr [5℄. At the energies of the ankle, detetors must be kilometersin size to ath even a handful of events. The ankle struture raises questions: what are the osmirays omposed of, and why does the energy spetrum hange again? But the most diÆult questionis, how is it possible that these partiles are here at all?As osmi rays reah an energy of about 6�1019 eV, they are likely to interat with the ambientlow-energy photons of the Cosmi Mirowave Bakground. These interations produe pions4 via:p+  ! n+ �+

p+  ! p+ �0and the osmi ray has been sapped of its energy. This e�et (alled the Greisen-Zatsepin-Kuzminor GZK uto� [14℄) is expeted to drain the osmi ray energy spetrum of events above about4Pair prodution is another possible result of this interation, with a lower energy threshold and smaller path length.However, the energy loss is not as atastrophi as for pion prodution and so it is not as important for energy uto�onsiderations [5℄.
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Figure 2.3: Energy spetra in the region of the ankle, aording to two detetors, both�gures taken from [7℄.

6 � 1019 eV if they are uniformly distributed in the Universe (see Figure 2.3). Their detetion atEarth onstrains their distane to be within 100 Mp [7℄.Colletively from the Volano Ranh, Haverah Park, Yakutsk, AGASA, and Fly's Eye ex-periments, there are about 20 events reorded beyond this uto� [55℄, however new results fromHiRes [52, 54℄ suggest that the spetrum does in fat show a uto� at the expeted energy. Theontraditory results (from detetors with ompletely di�erent detetion priniples) demonstrate thevulnerability of these experiments to systematis, and motivate the onstrution of hybrid detetorsapable of detailed ross-heking.The gyroradius of a 1019 eV proton (rather than a 1015 eV one) in the galati magneti �eldis about 5 kp, larger than the disk of the Galaxy. The intergalati magneti �eld is two ordersof magnitude weaker than the galati �eld, so osmi rays are not deeted there. Therefore theyhave not been isotropized, and an experiment should be able to trae them bak to their soure orat least detet anisotropies in their arrival diretions. Searhes for anisotropy have been made usingthe handful of events that have been deteted, and results are again mixed; AGASA, whih laims



1817 events above 1020 eV, also laims to see signi�ant anisotropy in the diretions of the Galatienter and antienter [56, 57℄. HiRes, whih has fewer events but laims a larger aperture to highenergies, sees no anisotropy [53℄.
2.7 Proposed mehanisms at the ankleComing up with an aeleration mehanism for 1020 eV partiles is diÆult. The maximumenergy that a partile an attain via the Fermi aeleration mehanism is E = kZeBRU as shownearlier, where B is the magneti �eld in the shok region, R is the size of the shok region, U isthe veloity of the shoks themselves, and k is an eÆieny fator whih is always less than one.Even under optimal onditions (k = 1 and � = 1) it takes either a formidable magneti �eld or ahuge volume to aelerate a proton up to 1020 eV. Supernova shoks, although powerful aelerators,simply annot do the job.There are many proposals for alternative aelerators for ultra-high-energy osmi rays. Hotspots in the lobes of radio galaxies suh as M87 (termination shoks of relativisti jets) are andidatesfor pushing the Fermi mehanism to its limits (see Figure 2.4). But sine they are extragalatiobjets, the GZK problem is left unexplained unless the bulk of osmi rays that we observe areoming from a handful of powerful soures in our loal neighborhood. The termination shok of theGalati wind is another andidate [25℄.Another possibility is \diret" aeleration rather than statistial (that is, a one-shot aeler-ation by a olossal EMF rather than the gradual aeleration of the Fermi mehanism). The surfaeof a rapidly rotating neutron star ould provide suh an aeleration [24℄. In this model, aelerationneed not ompete with energy loss mehanisms whih plague the slower Fermi proess. In addition,the soures an be Galati and avoid the GZK dilemma. However, this aeleration mehanism alsohas a maximum energy uto�; for an EMF generated by a magneti �eld B moving at a veloity U ,the maximum potential is RUB, and the maximum energy then is RUBZe, oinidentally the sameas for slow aeleration [11℄.As an alternative, some suggest that the highest energy osmi rays are produed more loally,by the deay or interation of some other partile whih an traverse the Universe uninhibited bythe Cosmi Mirowave Bakground. Ultra high energy neutrinos, for instane, olliding with reli
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20neutrinos at the Z resonane ould produe high-energy protons [26℄. Others suggest instead thatthe deay of some very massive and as-yet undisovered partile beyond the Standard Model isresponsible for events beyond the ankle. Candidates inlude topologial defets, strings, monopoles,and other strange objets [27, 7℄, all of whih are beyond the sope of this thesis.
2.8 The relevane of ompositionDi�erent theories lead to di�erent preditions for the mass omposition of the osmi rays atthe knee. Constant-rigidity uto� models predit an inrease in average mass in the knee region asprotons �rst disappear. Aretion onto the blak hole of an AGN, on the other hand, predits thatprotons should begin to dominate in the knee region, beause heavier nulei annot survive the photon�elds of the dense entral region without being broken up by pion photoprodution [23℄. Measuringthe omposition of these partiles will be ruial for deiding between the ompeting theories.
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Chapter 3
Separation of protons and iron
3.1 Air shower observablesPast 1014 eV, we annot diretly measure the primary nuleus and must rely on extensiveair showers. Therefore, to distinguish between di�erent primary ompositions, one must �nd anobservable of the air shower whih depends on the primary mass.The di�erene between proton and iron showers an be qualitatively understood by onsideringa nuleus of mass A to be approximately a superposition of A proton primaries all arriving at one.For a given total energy E, eah nuleon has an energy E=A. In other words, a proton has all ofits energy wrapped up in one partile, while the energy of an iron nuleus has its energy distributedto 56 nuleons and into 56 smaller proton-like air showers. This phenomenon underlies many of theobservable di�erenes between proton and iron showers.
3.1.1 Depth of shower maxAn important shower parameter is the \depth of shower maximum" or Xmax . This is thedepth in the atmosphere (measured in g/m2) at whih the density of partiles in the shower is thegreatest.Qualitatively, an iron primary an be approximated as 56 proton primaries all arriving atone and eah with 1/56th of the total energy. So an iron primary is more likely to have its �rstinteration higher in the atmosphere. In addition, eah nuleon has a fration 1=A of the total energy;eah of the small showers in the superposition loses energy for further partile prodution sooner in



22its development. As a result of both these e�ets, heavier primaries have a smaller Xmax than lightprimaries.Quantitatively, the relation between Xmax and the primary partile's properties is approxi-mately [2℄: Xmax = (1�B)X0�ln�E� �� lnA�where � is the ritial energy1 in air, X0 is the radiation length2 in air (37.1 g/m2), and B is amodel-dependent fudge fator. Simulations of shower development for protons and iron are shownin Figure 3.1. Sine some of the utuations of many superimposed proton-like showers anel eahother out and are averaged away, utuations in Xmax from shower to shower also beome smallerwith inreasing primary mass.
3.1.2 Cherenkov lightCherenkov light is emitted by the harged partiles in the air shower, overwhelmingly theeletrons. There is a great deal of useful information in the lateral distribution funtion (LDF) ofthis light. In partiular, one an measure Xmax from the slope of the funtion (either by takinga �tted slope parameter, as is done in HEGRA [49℄ or the ratio of the intensity at two di�erentdistanes, as is done in SPASE/VULCAN [106℄. Meanwhile, the Cherenkov light intensity at a farenough distane away (around 100 meters) provides a omposition-independent measure of the showerenergy. Thus an array whih is sensitive to both the near (Xmax -sensitive) and far (energy-sensitive)regimes of Cherenkov light is a powerful tool for measuring omposition.Imaging Cherenkov telesopes (suh as DICE [51℄) an furthermore measure the light intensityas a funtion of altitude, a more diret measurement of Xmax and of the evolving struture of theshower's longitudinal development.
3.1.3 Number and distribution of eletronsThe eletron omponent of air showers has been studied extensively for many years and isrelatively well-understood. The lateral distribution funtion of the eletrons has a form known as the1The energy at whih bremsstrahlung losses dominate over ionization.2Thikness over whih an eletron loses 1� 1=e of its energy by bremsstrahlung.
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Figure 3.1: Shower development (number of eletrons) as a funtion of atmospheridepth for many sample iron showers (upper), and proton showers (lower), aording toCORSIKA/QGSJET simulations. The mean depth of shower max (Xmax ) is smallerfor iron than for protons; the utuations between individual showers are also smallerfor the heavier primary. From [10℄.
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Figure 3.2: Measured Xmax as a funtion of energy, in the region of the knee. Protonand iron lines represent CORSIKA/QGSJET simulations. From [1℄.



25S(30) Mean Energy (p) Mean Energy (Fe)5 200 TeV 400 TeV10 350 TeV 650 TeV20 650 TeV 1.2 PeV30 950 TeV 1.6 PeV50 1.4 PeV 2.4 PeV100 2.9 PeV 4.3 PeVTable 3.1: Mean energies of protons and iron at S(30) values ommonly referred to inthis work.Nishimura-Kamata-Greisen (NKG) funtion [19℄:S(r) = CNe� rr0����1 + rr0��(���)Here, S(r) is the density of partiles as a funtion of radius, Ne is the total eletron ount, C is adetetor-dependent normalization onstant, r0 is a harateristi Moliere unit3, and � and � are alsoempirially measured for eah detetor.Beause the behavior of the eletrons is dominated by QED/eletromagneti asade physis,this funtional shape of the LDF is largely independent of energy and omposition. The total numberof eletrons in the shower sales very nearly4 with the energy of the primary. However the numberof eletrons at a ground detetor Ne (or \shower size") depends not only on the energy but also onthe height of interation Xmax and thus on the omposition.The SPASE detetor, for example, measures a parameter alled S(30), the partile density at 30meters from the shower ore. This an be used as an energy estimator, but it is not a omposition-independent one. The relationship between S(30) and energy is plotted in Figure 3.3 for SPASEMonte Carlo simulations; protons and iron follow parallel but distint trends.
3.1.4 Number and distribution of muons at the surfaeLike the eletron distribution, the muon lateral distribution funtion at surfae level has beenextensively studied and mapped out with simulations. Unlike the eletron number, the muon numberdoes strongly depend on both energy and omposition. To understand this, onsider again a heavynuleus to be a superposition of A separate nuleons. For eah nuleon, the smaller energy fration3Mean perpendiular distane an eletron is sattered after passing through one radiation length.4With a power index lose to one.
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Figure 3.3: Relationship between true primary energy and SPASE's observable S(30).
that it arries results in lower energies of seondary pions. Pions with lower energy are more likelyto deay into muons before they interat again in the shower.The number of muons as a funtion of muon energy E� is parametrized by the equation [2℄:

N�(> E�) = A14:5 GeVE� os � � EAE��0:757 �1� AE�E �5:25
where A is the primary mass number, E is the primary energy, and � is the zenith angle of the shower.The last term (to the 5.25 power) is usually a small orretion exept at very high muon energies,reeting hanges in the ross setion of pion prodution. Simulations of this muon energy spetrumis shown in Figure 3.4. Simplifying the formula, the number of muons behaves as [5℄:

N� = kA�EA��where � is 0.757. Iron showers produe more muons for equivalent primary energy by about a fatorof two.At extremely high energies, showers develop deep enough in the atmosphere that the pathlength available for the pions to deay beomes shortened. As a result, the distintion in muon
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28number between protons and iron begins to blur. However, this ours at energies higher than willbe addressed in this work.The lateral distribution funtion of muons at the surfae looks like [43℄:��(r) = N�� CR20� (r=R0)�0:75(1 + r=R0)�2:52where R0 is a harateristi distane. In general, the muon distribution depends sensitively on aombination of omplex fators: hadroni interation models, interation depth, zenith angle, andatmosphere. Therefore, it is diÆult to draw onlusions from this measurement alone.
3.1.5 Number and distribution of muons underground/underwater/underieHigh-energy muons (that is, muons apable of reahing a detetor at depth) are reated bythe deay of pions and kaons whose energies are still high. Thus, high-energy muons ome fromhigh in the atmosphere and an be used to probe the properties of the shower while it is still earlyin its development. But like the surfae muons, the properties of these penetrating muons dependon hadroni proesses whih are not fully understood or have not been diretly measured. Thepropagation of the muons through the rok or ie at high energies adds additional unertainties. Tomake matters more diÆult, deeply buried muon detetors are often built for some other primarypurpose, suh as detetion of neutrinos or proton deay. Thus they are in some ways poorly suitedfor studying osmi rays. AMANDA, for instane, is too sparse an array to sample the muon lateraldistribution funtion in detail, while other detetors suh as Soudan-2 and MACRO are too smallto sample anything but a small piee of the funtion. The inventive physiist, however, must not bedisouraged; these detetors an still yield results [44, 45, 46℄. To use this observable, we must �rstunderstand the number and shape of muons as a funtion of energy and omposition.The number of muons at depth an be omputed by ombining our knowledge of the muonenergy spetrum at the surfae with a simple model of muon energy loss in matter, desribed by theequation: �dE�dx = ae� + be�E�This subjet will be disussed in further detail in Chapter 5, but a short disussion here will allow usto derive how many muons survive to depth. A muon at the surfae must have a minimum energy



29Emin in order to reah a slant depth in the ie X before losing all of its energy. Emin an be omputedby solving the above di�erential equation, yielding:
Emin = �ae�be� � (ebe�X � 1)

The number of muons reahing a depth X therefore is equal to the number of muons at the surfaewith energy equal or greater to Emin . In other words, if the surfae muons have an energy distributiongiven by:
N�surf (> E) = KE��

then the number of muons at depth is:
N�depth = N�surf (> Emin) = KE��min = K ��ae�be� � (ebe�X � 1)���

Many underground detetors perform ounting experiments with muons, and are interested inthe total number of muons whih will be observed at the partiular depth of the detetor. This totalintensity urve as a funtion of depth (alled the \depth-intensity relation") an be omputed bysetting the muon spetral index (�, above) equal to the osmi ray index, and this urve has beenmapped by underground detetors [67℄.In this work, however, we do not perform a ounting experiment but rather study the strutureand properties of the muon events themselves. The volume of AMANDA spans a large range of depthsfrom 1500 to 2000 meters, and so the number of muons in a given event will be di�erent betweenthe top of the detetor and the bottom. We need to understand not how many total muons reah aertain �xed depth, but rather how the muon intensity within a single event hanges as it propagatesthrough the detetor's range of depths. Put another way, we want to know the relative rather thanabsolute muon intensity as a funtion of depth.Fortunately, this an be omputed just as easily using the same equation but a di�erent �.As disussed in the previous setion, N�surf (> E�) sales as E�1:757� . Eah single event (of a givenenergy and omposition) therefore ontains muons whih follow a power spetrum with an index of� = 1:757. By using this muon spetral index in the depth equation above, we ompute the shapeof the muon intensity as a funtion of depth, for an event. Figure 3.5 shows the fration of muons
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32The plots above illustrate averaged properties of air showers. Figure 3.7 shows the muoniproperties of four individual Monte Carlo events: the number of muons as a funtion of depth,the spetrum of muon energies at the surfae, and the lateral distribution funtion at the depth ofAMANDA.
3.2 Separation tehniques: oinidene experimentsExtensive air showers ontain di�erent partile omponents: the eletroni omponent (whihan be measured at the surfae), the Cherenkov-light omponent (whih images the harged partilesin the air), the muon omponent (whih an be measured at the surfae or underground), and theneutrino omponent (whih an only be measured on the other side of the Earth). Unfortunately, all ofthem are tangled funtions of both mass and energy. No omponent individually an make a uniquely-determined measurement of mass; only by measuring two or more omponents simultaneously anmass omposition be pulled out of data.
3.2.1 Ne and Cherenkov lightThere are several osmi ray experiments made of a sintillator array operated in oinidenewith Cherenkov telesopes either surrounding the array or embedded inside it. Some examplesinlude:

� CASA/BLANCA [33℄� HEGRA/AIROBICC [48℄� SPASE/VULCAN [106℄� EAS-TOP
The spei� tehniques for using ombined information vary amongst experiments. Some plota Cherenkov light parameter against an eletroni parameter to separate nulei or to measure energy.Others use the sintillator array with its aurate shower diretion and ore reonstrution to form asubset of quality events and then reonstrut Xmax and energy from the Cherenkov properties alone.
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Figure 3.7: Muon distributions for four sample Monte Carlo events.



343.2.2 Ne and surfae N�If one an measure both the eletroni omponent and the muoni omponent of an air shower,then one has an extra tool in the arsenal. These two variables together an give a omposition-independent determination of the energy. For this reason, many sintillator arrays are built withmuon detetors integrated within them, for instane:
� KASCADE [32, 63℄� EAS-TOP [36, 60℄� CASA/MIA [35℄

Generally the muon distributions are not sampled as well as the eletrons in these experiments,so muon detetion is not the fous of the experiment. However by plotting the eletron ount Ne andmuon ount N� against eah other, protons and iron an be separated.
3.2.3 Other ombinationsThe HiRes uoresene detetor has been used in oinidene with the MIA muon array tostudy osmi ray omposition past the knee [42℄. HiRes on its own, with its tehnique of diretlymeasuring the longitudinal development of the shower, does not really need MIA in the same waythat eletromagneti or Cherenkov light detetors need muoni bakup. However, MIA oinidenesprovide a restrited data set whih is very tightly onstrained in shower diretion, allowing betterenergy resolution and redued systemati errors.Other hybrid detetors are planned for the near future. The Pierre Auger Observatory forinstane will employ a ombination of water Cherenkov detetors and uoresene detetors [64℄.The underground Soudan-2 detetor has also proposed building a surfae air Cherenkov telesopeabove its site [47℄.
3.2.4 Ne and deep underground muonsMeasuring the eletron omponent at the surfae together with the muon omponent at depthis a relatively new approah, employed by separated detetors built in proximity to eah other:



35� EAS-TOP/MACRO [40℄� EAS-TOP/LVD [37, 38℄� SPASE/AMANDA (this work)
The Gran Sasso laboratories (housing the LVD and MACRO experiments) have begun toexplore the potential of these oinidenes, but it is diÆult. The basi tehnique is to measure themuon multipliity as a funtion of eletron shower size (similarly to the N� � Ne analysis that isdone by surfae muon detetors suh as KASCADE). But spei� approahes an vary. One an alsomeasure muon energy loss rather than multipliity (sine protons and iron of the same energy havedi�erent kinemati limits for muon energy, they are separable by their energy behavior) [38℄. Or, ifone has an energy-sensitive Cherenkov array at the surfae, one an also ompare muon multipliityto shower energy rather than Ne [39℄.The site of the Gran Sasso detetors, at the depth of over 3000 m.w.e., implies a thresholdmuon surfae energy of 1.4 TeV to reah the detetor. As a result, the detetor reahes full eÆienyat the energy range of the knee, and must ontend with detetor turn-on and threshold e�ets. TheAMANDA site at the South Pole, at a depth of only 1700 m.w.e., an explore lower energies.

3.2.5 Three omponentsSome sites have the apability to observe three omponents simultaneously:� KASCADE: eletrons, muons, hadrons [63℄� CASA/MIA/DICE: eletrons, muons, Cherenkov light[50℄� SPASE/VULCAN/AMANDA: eletrons, muons, Cherenkov light[113℄With three observables, the properties of the shower are overonstrained. However, thereare enough soures of unertainty in both models and measurements that these triple-oinideneexperiments are invaluable for onsisteny heking.
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Figure 3.8: Relationship between N� and osmi ray primary energy
3.3 Composition with SPASE/AMANDAAs with other oinidene experiments, SPASE and AMANDA an measure di�erent observ-ables whih are all energy- and omposition-dependent, but whih together an isolate energy oromposition. SPASE measures the shower size S(30); this is a measure of Ne. AMANDA, a muondetetor, reeives information only about the high-energy muons in the air shower. The muons aredesribed by a lateral distribution funtion as disussed above; their total number N� and the shapeof the funtion (desribed by a harateristi width r0) are therefore the two potential observables forAMANDA. The width r0 is in priniple a powerful separation parameter, and an attempt to exploitit was attempted (see Appendix B), however, AMANDA is ill-designed to measure it. The numberof muons N�, however, is diretly related to the amount of energy loss in the form of light whih isreleased into the ie. AMANDA, a large and fully ative alorimeter, is well-suited to this observable,as we will see later. Thus, N� will be the fous of this work, and its dependene on primary energyis shown in Figure 3.8.Before proeeding further, we must explore our ability to measure omposition using the ob-
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Figure 3.9: Relationship between N� and SPASE parameter S(30)
servables at hand. Assuming we �nd a way to perfetly measure the number of muons at AMANDA'sdepth, an this observable (ombined with S(30) from SPASE) distinguish between protons and iron?The answer, as one an see from Figure 3.9, is yes. When the two variables are plotted against oneanother, the two nulei separate niely.So our mission would seem simple enough: to �nd a omposition-independent measure of thenumber of muons in AMANDA. A tehnique for doing this will be disussed in Chapter 8. However,if the muon number is not simulated orretly or if our measurement of it su�ers from systematierrors, we must be very areful that our tehniques are robust. Systemati errors will be disussedin Chapter 9.



38

Chapter 4
AMANDA and SPASE
4.1 The AMANDA detetorAMANDA (the Antarti Muon And Neutrino Detetor Array) is an ie Cherenkov telesopeonstruted within the Antarti ie ap near the South Pole. AMANDA's primary mission is thedetetion of high-energy neutrinos, from the Cherenkov light emitted by its interation produts. A�� interation near the detetor in rok or ie produes a high-energy muon1 whih travels faster thanthe speed of light in ie. The detetor, an array of photomultiplier tubes buried in the ie, measuresthe resulting pattern of Cherenkov light, and from this pattern reonstruts the muon's trajetory.At this time, neutrino-indued muons are seen by AMANDA, whih are onsistent in spetrum andzenith angle distribution with osmi ray-indued (or \atmospheri") neutrinos from the northernhemisphere [77℄. Thus, AMANDA an plae upper limits on the uxes of extragalati neutrinos[94℄, neutrinos from WIMPS [99℄, magneti monopoles [97℄, gamma ray bursts [96℄, and point soures[81℄. Cosmi ray muons (produed in the atmosphere above the South Pole) onstitute the dominantbakground for neutrino-indued muons, and so great pains are taken to remove them from neutrinoanalyses [79℄. Ultimately, the two are distinguished by their diretion; an upgoing event must beneutrino-indued, while a downgoing event is almost assuredly osmi ray muon-indued. In searhingfor neutrinos, osmi ray muons whih have been mistakenly reonstruted as upgoing are a formativebakground.1Similarly, a �e interation produes a high-energy eletron and a �� interation a tau lepton. It is the muon traks,however, whih are best understood in AMANDA and relevant here for osmi ray studies.



39In this work, however, osmi ray muons are the signal, rather than the bakground. Togetherwith the SPASE array on the surfae of the ie, AMANDA an be alibrated using osmi ray events,and an even measure properties of osmi rays themselves. Plaing suh a osmi ray study in theontext of AMANDA's neutrino mission an be onfusing. Some tehniques and terminology will beborrowed, others speially developed for this work. Some diÆult hallenges of a neutrino analysisan be avoided here, while osmi rays present new and di�erent hallenges of their own.
4.1.1 The hardwareThe building blok of AMANDA is the optial module (OM): a glass pressure housing ontain-ing a photomultiplier tube (PMT), silion gel for optial oupling between the glass and the PMT,and eletronis of varying sophistiation for distributing high voltage and transmitting output pulses.The array is strutured as long strings of these optial modules deployed down holes over twokilometers deep. The holes are drilled using hot water, the strings then lowered into the hole whileit is still liquid. When the water-�lled hole is allowed to refreeze, the OM's are loked in plae, eahone onneted to the surfae by a oax or twisted pair able whih provides both high voltage to themodule and signal transmission to the surfae.The on�guration of the detetor has hanged over the years as more holes have been drilledand more OM's deployed to enlarge the array. In 1996, the detetor onsisted of 86 modules onfour strings (the AMANDA-B4 detetor). In 1997, it had grown to 302 modules on ten strings (theAMANDA-B10 detetor). In 1998 and 1999, it had 428 modules on thirteen strings (the AMANDA-B13 detetor). And in 2000 up to the present day there are 677 modules on nineteen strings, aon�guration alled AMANDA-II, seen in Figure 4.1. The modules on a string are separated by10-20 meters (depending on the string), and the strings themselves are separated by 30-60 meters.A range of depth between 1500 meters and 2000 meters is the most densely instrumented.This work fouses on data from the AMANDA-B10 array. More detailed desriptions of thison�guration and the data it olleted in 1997 an be found in [82℄. Although 13 strings werepresent in 1998 and 1999, SPASE/AMANDA oinidene data from just the 10-string subarray anbe analyzed identially to the 1997 array, to inrease data statistis (this will be disussed in greaterdetail later in Appendix C).
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4.1.2 The DAQThe Data Aquisition (DAQ) system at the surfae reords the amplitude (ADC) and time(TDC) of pulses arriving from the OM's. The detetor's trigger an ome from a variety of soures.In normal mode, a hit multipliity trigger logi determines when a required number of hits havearrived within a required time window, and initiates a trigger. Or, the trigger an ome from anexternal soure. SPASE-AMANDA oinidene events are of the seond type; the SPASE detetorprovides an external trigger and AMANDA operates in \slave mode." This type of trigger o�ers manyadvantages for alibrating AMANDA and reduing systematis or unertainties related to AMANDAtrigger eÆieny.Amplitude and time information are reorded for all triggers, whih our at a rate of approx-imately 100 Hz. When a trigger is reeived, a ommon stop signal is sent to the TDC's, and all TDCtimes (whih are stored in a rotating bu�er) are read out. The peak amplitude within a smaller timewindow (whih is measured by a peak-sensing ADC) is also read out. Hit information for an OM isstored as a series of up to 16 leading and trailing edges, and one amplitude2.This data is alibrated, leaned, and analyzed later, as the bulk of the data (whih is takenduring the Antarti winter) an only reah the northern hemisphere one the South Pole Stationopens for the summer. The �rst analysis task is to quikly reonstrut the trak of the muon throughthe detetor from its pattern of Cherenkov light, and to �lter a subset of quality events whih qualifyfor the next stage of a more re�ned analysis. Speial triggers (suh as SPASE triggers) are separatedfrom the data at this early stage and set aside.Figure 4.2 shows two sample SPASE/AMANDA oinidene events. One an see from theseevent displays several phenomena: the progression of the timing of hits (displayed from early to latethrough the olors of the rainbow) from the top of the detetor to the bottom, the larger ADC values(displayed as larger irles) loated near the trak and getting smaller with distane, and the superiorplaement of the trak by a ombined �t (the green trak) as opposed to the SPASE trak alone (the2The fat that many hits but only one amplitude an be reorded for an OM is problemati. A simple way toadapt is to ut away all hits but the �rst one. Although this sari�es information, it inreases the probability thatthe amplitude is assoiated with the orret hit.
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Figure 4.2: Two example oinidene events in AMANDA. (They have been rotatedfor the best view.)

blue trak), whih an be o� by tens of meters.
4.2 The SPASE detetorsThere have atually been two SPASE (South Pole Air Shower Experiment) arrays at the SouthPole. The �rst, SPASE-1 [107, 108, 109℄ operated between 1987 and 1997. It was a triangular gridof 16 sintillator detetors, 1 m2 eah, with a 30 meter grid spaing. The seond, SPASE-2 [110℄,was ompleted in 1996 and has been operating ever sine. It onsists of 30 \stations" on a 30 metertriangular grid (the same spaing as SPASE-1) where eah station ontains four sintillators of area0.2 m2 eah. One of these modules is run at a low gain in order to extend the station's dynamirange. The angular aeptane of SPASE-2 and AMANDA-B10 operating in oinidene is about
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Figure 4.3: Sample SPASE event display and lateral distribution �t to determine S(30),from [114℄.
100 m2sr, about twie the aeptane of EAS-TOP/MACRO [110℄. SPASE-2 triggers with a stationmultipliity ondition: 5-fold within one miroseond when VULCAN is also operating, and 4-foldwhen it is not. The energy threshold is about 50 TeV for primary protons. [106℄.SPASE, similarly to AMANDA, reonstruts the shower diretion from the arrival times ofharged partiles in its sintillators. The auray of this reonstrution depends on the size of theshower; a small shower with few hits has a larger error on the �tted diretion.Like other ground arrays, SPASE reonstruts the shower size and properties by �tting thelateral distribution of amplitudes to the NKG funtion. Sine the shape of this funtion is invariant,the shower size is expressed by the partile intensity at a onstant distane. For SPASE events,shower size is haraterized by the parameter S(30), whih is the measured partile density at 30meters from the ore of the shower, in units of partiles/m2. The ore loation and the shower sizeare �tted simultaneously. Figure 4.3 shows a sample event, its lateral distribution funtion, and howS(30) is �t to the data. Figure 4.2 shows how the resolution of SPASE's reonstrution of diretion,ore loation, and shower size all improve with larger showers. Figure 4.5 shows the relationshipbetween S(30) and the eletron number Ne, and how it is independent of primary omposition.The sintillators saturate at the level of about 100 partiles per module, the low-gain sin-tillators at roughly �ve times this amount. This means that a 1017 eV primary energy shower willsaturate even the low-gain module of a station 30 meters from the shower ore [110℄. Sintillator
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Figure 4.5: Relationship between the true number of eletrons at ground level and theshower size estimator S(30).
saturation will be disussed in more detail in Chapter 9.
4.3 The VULCAN detetorVULCAN [111℄ is an array of air Cherenkov telesopes, 9 detetors in all, whih is embeddedwithin SPASE-2 (see Figure 4.6). In 1997, all the telesopes were aimed toward the sky in a diretionwhih, when traed bakwards, aims at the enter of the AMANDA-A detetor (four prototype stringswhih were deployed at about 900 meters depth). In 1998, the telesopes were re-aimed at the enterof AMANDA-B10. As a result, SPASE/VULCAN oinidenes with AMANDA-B10 from 1997 arerare mis-aimed events, and of unknown reliability and systematis. Coinidenes from 1998, whenthe telesopes were properly aimed, are of greater value. SPASE/VULCAN/AMANDA oinidenesfrom 1998 were analyzed for omposition in [113℄ and will not be disussed further in this work.
4.4 The GASP detetorGASP [112℄ was an air Cherenkov telesope embedded in SPASE-1, onsisting of ten mirrorsand two PMT's for eah mirror. The viewing angle of eah PMT in GASP is 1.5 degrees, and with
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Figure 4.6: Layout of AMANDA, SPASE-1, SPASE-2, and VULCAN, from [114℄.
all the mirrors aligned the angular aeptane of GASP is approximately 0.5 degrees. The telesopeswere aimed at the sky in alignment with AMANDA-B10. The detetor triggers at a proton primaryenergy of approximately 1 TeV. Beause of its narrow �eld of view, this telesope provides a preisebeam for pointing alibration of AMANDA (see Chapter 7).
4.5 SPASE/AMANDA dataSPASE/AMANDA oinidenes are a speial sublass of AMANDA events. Every SPASEtrigger (regardless of diretion or energy) sends a trigger to AMANDA. TDC and ADC gates areopened at �xed times relative to the trigger to ollet any hits. The event is given a tag so that it anbe identi�ed as a SPASE trigger and separated from the rest of the AMANDA data o�ine. Theseoinidenes our at a rate of about 5 Hz (for the 5-fold trigger) or 8 Hz (for the 4-fold trigger)[110℄. Meanwhile, SPASE reords its own data for the same events and reonstruts their diretionand shower size using a program alled SPV. O�ine, the SPASE events and AMANDA events mustbe mathed up with eah other. Eah detetor reords the time of eah event aording to its ownGPS lok. Events within one milliseond of eah other are onsidered a math; the ight time of



47the partiles from one detetor to the other is approximately 6 miroseonds.The exat positioning of the TDC and ADC gates hanges from year to year. In 1997, theTDC gate was 32 miroseonds wide and entered on the trigger time, and the ADC gate was 4miroseonds wide and was opened about 1 miroseond before the arrival of the �rst pulses from theevent. In 1998, the ADC gate was widened to 9 miroseonds. This hange turns out to be ruialfor data quality, and is disussed later (see Appendix C).
4.6 SPASE/AMANDA Monte Carlo SimulationsA simulation of an air shower passing through not one but two experiments (whih happento be separated from eah other by over a kilometer of ie) involves several distint stages. At eahstage, there are unertainties and systematis (some better understood than others). For this work,we will employ one \baseline" simulation hain, but will vary some of the links in the hain one at atime to investigate systemati e�ets. These e�ets will be disussed in Chapter 9.Events were generated with an E�1 energy spetrum, to ensure plenty of statistis in theinteresting high-energy regime. To mimi the atual osmi ray energy spetrum, Monte Carloevents are all re-weighted to an E�2:7 spetrum below logE(GeV) = 6:5 (the knee), and to an E�3:2spetrum above it3. Figure 4.7 shows the resulting energy spetrum of the simulated and re-weightedevents.
4.6.1 Air shower simulation and hadroni interation modelThere are several di�erent air shower simulation pakages available for experimenters. Muhof the physis of air showers is well understood; the eletromagneti interations for instane anbe simulated exatly with QED. The ommon weak point to all air shower simulations, however,is the details of the hadroni interations. Aelerator data (on whih simulations are based) donot reah the very high energies of osmi ray showers, and do not ollet data well in the forwarddiretion whih is relevant for most air shower interations. So an air shower simulation must employextrapolations and assumptions. There have been several independent attempts to simulate these3In our simulations, protons and iron are given a knee at the same energy, even though some osmi ray theories andexperimental evidene suggests that the knee ours at the same rigidity for di�erent nulei. This was done beausewe want to measure this phenomenon rather than assume it.
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49hadroni details, resulting in a small olletion of di�erent models (the most ommonly used beingQGSJET, VENUS, SIBYLL, HPDM, and DPMJET4). Similarities and di�erenes between thesehadroni interation models omprise a body of literature on their own5, and some software pakageswhih model the entire air shower (suh as MOCCA and CORSIKA) have modularized their ode sothat the di�erent hadroni interation models an be diretly ompared to eah other. Meanwhile,experiments test their data against the di�erent models to measure whether one is favored over theothers. The �nal verdit, of ourse, is still out.For this work, the baseline hadroni interation model used will be MOCCA/QGSJET. TheMOCCA ode has been ustomized for the South Pole (in atmosphere, overburden, and magneti�eld, for instane) [114℄. A similar simulation generated with the SIBYLL interation model willbe used later to demonstrate the systemati unertainty in the results due to hadroni interationmodel.
4.6.2 SPASE detetor simulationThe response of the SPASE and VULCAN detetors together are simulated by the programMONTE [114℄. It is only at this stage that the shower is given an orientation relative to the Earth: itis assigned axis oordinates (xore; yore; �; �) relative to SPASE, in a loal SPASE oordinate system.To make the best use of eah of the showers (whih have been time-onsuming to simulate), they anbe \reused" at this stage of the proess. That is, eah shower is dupliated many times but its oreposition is sattered all over the SPASE array.The arrival times and densities of the shower partiles are then omputed for eah sintillatormodule. Noise hits are added, and the information is onverted to a \raw data" format mimikingreal data. The simulated values are smeared to reet Poissonian utuations, unertainties indetetor pedestal values, and so forth. The simulated data is then ready to be proessed through theSPASE/VULCAN reonstrution program SPV, identially to real data.

4A new hadroni interation model alled neXus has also been introdued reently [75℄. It has not been subjet toas many tests yet (exept by the Karlsruhe group) and is extremely slow.5For a thorough review of the �ve interation models, their similarities and di�erenes, systemati e�ets on Neand N�, and ensuing experimental onfusion, see anything by the CORSIKA authors, for instane [29℄. A shorter andmore aessible review is [28℄.



504.6.3 Muon propagationAfter hitting SPASE, the air shower penetrates the South Pole snow and ie, only the high-energy muons reahing the depth of AMANDA. Unfortunately, the propagation of high-energy muonsthrough matter is another soure of unertainty, as the physis of muon energy loss is not well-knownat high energies.For this work, the baseline muon propagator is the PROPMU ode developed by Lipari andStanev [74℄. An alternative propagator MMC [98℄ has been reently written by members of theAMANDA ollaboration, intending to bridge the gap between treatment of energy losses at low andhigh energies; this will also be used to study systematis.
4.6.4 AMANDA detetor simulationThe program amasim simulates the response of the AMANDA detetor to an event. Thesimulation inludes at its heart the propagation of light through the ie from soure to OM. Toorretly simulate the sattering and absorption of photons is a time-intensive omputation, so ratherthan perform the simulation for eah photon, tables of results are ompiled separately by the softwarepakage PTD (Photon Transport and Detetion) [87℄. amasim interfaes to these photon tables tolook up the photon intensity and arrival time probability distribution for any module from any muonor shower.amasim then builds a PMT waveform whih would result from the photon hits, and sends thiswaveform through a simulation of AMANDA's hardware and DAQ: ables, thresholds, peak-ADC's,TDC's, multipliity logi and triggering, and data output [89℄.The output of amasim has the same format as experimental data, and an be put through theidential hain of proessing (alibration, hit leaning, reonstrution, et.).
4.7 Calibration\Raw" data (or Monte Carlo) ontains the times at whih signals arrived at the DAQ on thesurfae, and the amplitudes in millivolts of the pulses when they arrive. However, the quantities ofreal interest are the arrival times of photons in the ie and the amplitudes of pulses measured in unitsof photoeletrons.



51The amplitude alibration is very straightforward: an ADC spetrum is taken for eah OM,and the position of the pedestal single photoeletron peak is measured in units of millivolts. To orretthe timing, we need two alibration onstants: the signal transit time t0 between photoathode andTDC, and an additional orretion to aount for \amplitude slewing." The rise time of pulses (�5 ns at the PMT) is smeared over 200 ns from the long journey up the eletrial able. The exattime at whih the waveform rosses the TDC disriminator threshold depends on the amplitude ofthe pulse. In partiular, the threshold-rossing time varies as:
tle = t0 + � 1pADCand the seond alibration onstant � parametrizes the additional orretion whih is omputed fromthe ADC on an event-by-event basis. The alibration onstants for eah individual OM are measuredeah year during the austral summer season.SPASE/AMANDA triggers are alibrated identially to normal AMANDA triggers. Distintsets of alibration onstants are used for 1997 and 1998 data, as many things hange (inluding, some-times unintentionally, the able lengths and t0's) between seasons. Monte Carlo, whih is generatedto look idential to raw 1997 data, is identially alibrated using 1997 alibration onstants.

4.8 OM leaning and hit leaningThe OM's in the AMANDA-B10 detetor exhibit dark noise, at a rate of around 300 Hz forthe inner four strings and around 1100 Hz for the outer six. Some is inherent photomultiplier noise,and the rest is due to deays of radioative 40K in the glass housing (see Appendix E for more detailon this phenomenon).Although maximum-likelihood reonstrutions are written to take into aount the probabilityof a hit originating from noise, stray noise hits an still fool the algorithms and some are morevulnerable than others. In any ase, leaning out noise hits is a ruial aspet of muon reonstrution.This is done in two stages: removing bad OM's ompletely from the array, and removing hits on anevent-by-event basis whih are likely to be noise.Lists of \bad" OM's are available for both 1997 and 1998 (see Appendix C). These OM's arepermanently removed in software by setting their sensitivity to zero. Then, within eah event, hits



52are deemed likely to be noise and temporarily removed if they:� Arrive outside a time window of 4500 ns in whih all of the \real" (that is, muon-indued)pulses are expeted to arrive,� Are \isolated" hits (that is, there are no other hits within 70 meters and 500 ns),� Have an unphysial time over threshold (less than 125 ns or more than 2000 ns),� Have no ADC, a very low ADC, or an unphysially high ADC (less than 0.3 photoeletrons ormore than 1000 photoeletrons),� Are likely to be due to rosstalk,� Are not the �rst hit (whih is likely to be the one orretly assoiated with the reorded ADC).The di�erene between permanent leaning of OM's and temporary or event-by-event leaningof hits is important enough to warrant a short disussion here. Many reonstrution tehniquesimplemented in AMANDA do not use information from OM's whih are not hit. If this is the ase,then it doesn't matter whether an OM is removed permanently from the array, or if only its hit isremoved. If, however, the reonstrution makes use of the information that a partiular OM did notreeive a hit, then it is important to know whether that OM should have reeived a hit at all. If anOM is noisy and is removed from the analysis entirely, then its probability of not being hit is alwaysexatly one, and the reonstrution must reognize this. If, on the other hand, the OM is operatingnormally but had its only hit removed beause it fell outside the time window or had a bad ADC,then its probability of not being hit is still a relevant part of the overall likelihood, and should stillbe onsidered by the reonstrution. In this work, modules not hit are inluded in the reonstrution(in fat they are a ruial part of the likelihood), and so the two types of leaning are performedseparately. Permanent OM leaning is done after alibration but before any reonstrution is done;event-based hit leaning is done together with reonstrution.
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Chapter 5
Light in ie, and event reonstrution
More than the photomultiplier tubes, glass, ables, ampli�ers, pulse-shapers, readout eletronis,triggering, and other details, the most fundamental part of the detetor is the ie itself. \Ie proper-ties" is an umbrella term enompassing sattering and absorption by dust, sattering and absorptionby bubbles, index of refration, vertial struture, and speial properties of the olumn of re-frozenwater immediately surrounding the OM's (\hole ie"). By exploring the underlying physis of lightpropagation in ie, we will arrive in this hapter at a new reonstrution tehnique well-suited formuon bundles (and with great potential for muon energy reonstrution in general).
5.1 Muon energy loss in matterConsider a single muon of energy E. As it passes through the ie, it loses energy from avariety of di�erent energy loss mehanisms. Muon energy loss mehanisms an be divided into twoategories: ontinuous and stohasti. In general, the energy loss of the muon is desribed by theequation

�dE�dx = a(E�) + b(E�)E�where the �rst piee (a) is the ontinuous loss, and the seond piee (bE�) desribes the stohastilosses. Muons lose energy ontinuously along their path by ionizing the eletrons from nearby atoms.The oeÆient a(E�) depends only weakly on E�, espeially above E� > 10 GeV, where its valueattens at approximately 0.002 GeV/(g m2) [2, 66℄, or about 2 MeV/m in ie. A 10 GeV muon



54travels 50 meters in ie, whih is reonstrutible with minimum quality by AMANDA. Thus, thisapproximation is valid for muons in AMANDA.Stohasti (or \disrete") losses an ome from a variety of mehanisms. The dominant ones formuons are bremsstrahlung, e+e� pair prodution, and photonulear (also alled hadroprodution).The loss rates from all these proesses are energy-dependent. To �rst order, they are linear withenergy (hene the term bE� in the equation above), where the b oeÆient an be expressed asb = bbrem + bepair + bhadr and eah term ontains some energy-dependene. Some of the omponentsof b atten at high muon energies, allowing us to approximate b � 8 � 10�6 g�1/m2 for pure iron[66℄, b � 4 � 10�6 g�1/m2 for standard rok [2℄, or b � 3:4 � 10�6 g�1/m2 for ie [79℄. At a\ritial energy" E = a=b, stohasti losses begin to dominate over ionization (ontinuous) losses.This transition ours at E� >� 600 GeV for muons in ie.The muons in a muon bundle have a spetrum of energies (see Figure 3.4). However, sine theenergy spetrum is steep, the bulk of the muons are below the ritial energy and an be thought of asapproximately monoenergeti. This approximation is not important for the analysis to be desribedlater in this work; it merely provides a onvenient framework for desribing the general onept andits ontext.
5.2 Cherenkov and shower lightOf the energy released in ionization, disussed above, a small perentage of it (around 0.05%)goes into Cherenkov light [73℄. This phenomenon is aused by the disruption of the loal eletromag-neti �eld in matter (suh as air, water, or ie) by the passage of a relativisti harged partile. Itis easily visualized and treated as an eletromagneti shok wave from a harged partile travelingthrough a medium at a veloity greater than the speed of light in that medium. The light is emittedat a �xed1 Cherenkov angle of � 41Æ for ie and has a spetrum desribed by dn=d� / ��2.The stohasti proesses disussed above produe small shower-like bursts of light at the pointson the muon's trak where the interations our. The importane and treatment of these showersdepends on the type of event being analyzed. In �e events, the energeti eletron produes one large1Tehnially, the angle depends on the index of refration in the medium whih, although a onstant for all pratialpurposes here, does hange with the density of the ie.



55shower whih is not quite spherial. A muon trak, on the other hand, will produe a linear lightpattern with stohasti bursts of light at various points along its trajetory. These mini-showersalong a muon trak are simulated in detail for the muons in AMANDA, but reonstruting eah ofthem is nearly impossible with the poor spatial resolution of the AMANDA phototubes. Instead, weoften instead treat the stohasti showers as an averaged phenomenon.
5.3 Sattering and absorptionUnderstanding sattering and absorption proesses is ruial for operating a water or ieCherenkov detetor. These properties determine the detetor's mode of operation, optimal design,and strengths and weaknesses. Deep Antarti ie, for instane, has a long absorption length (� 100m) ompared to oean water (� 20 m), making AMANDA a more eÆient light olletor than oeaniompetitors over large volumes. On the ipside, ie has a short e�etive sattering length (� 20 m)ompared to oean water (� 100 m), making the exat timing of photons and the preise diretionreonstrution of traks more diÆult. Either way, to fully understand and exploit a detetor, onemust desribe these phenomena in greater detail, the aim of this setion.Dust is the most important ontributor to absorption and sattering in deep Antarti ie. Airbubbles, formidable satterers if present, at depths beyond 1400 meters have been squeezed into airhydrate rystals whih math the refrative index of ie almost perfetly and are essentially invisible.Dust grains, about 0.04 mirons in size [71℄, instead are the dominant ause of both absorption andsattering e�ets at AMANDA depths.Both e�ets an be desribed by a propagation length (�e for e�etive sattering length2 and�a for the absorption length) or a oeÆient de�ned as one over the wavelength (be � 1=�e anda � 1=�a, respetively). These sattering and absorption oeÆients as a funtion of frequeny areshown in Figure 5.1(a).Whih wavelengths are important for AMANDA depends also on the transmission propertiesof the glass, the quantum eÆieny of the glass, and the Cherenkov light spetrum, some of whih2The geometri sattering length �s, the distane that a photon travels before being sattered, is atually verysmall, but one must also onsider the mean angle of sattering at eah event, hos �i, whih is about 0.8-0.9 for dust[71℄. The e�etive sattering length �e is equal to the distane at whih 1=e of photons have been isotropized indiretion, and is equal to �s=(1� hos �i) [70℄, about �ve times larger.
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(b) Wavelength dependene of PMT quantum ef-�ieny, glass transmission, and absorption length,from [102℄Figure 5.1: Wavelength dependene of optial properties
are shown in Figure 5.1(b). Cherenkov light peaks in blue and UV wavelengths, but the glass of theoptial modules' pressure housings is transparent only up to about 350 nm. Thus, the wavelengthregion of importane to AMANDA is from 350-500 nm.
5.4 Vertial struture (dust layers)A YAG laser3 at a frequeny of 532 nm was �rst used to map the sattering and absorptionoeÆients in detail as a funtion of depth [83℄, revealing utuations and strutures due to dustylayers of ie. Figure 5.2 shows the sattering oeÆient be (at 532 nm) as a funtion of depth inthe instrumented region of AMANDA-B10. There are dusty layers in the ie: peaks in be at depthsof 1600 meters (z = +130 in the AMANDA oordinate system), 1750 meters (z = �20), and 1880meters (z = �150). Shallower of AMANDA-B10 depths (< 1400 meters), the ie ontains air bubbleswhih dramatially inrease the sattering. Deeper (> 2000 meters) is another large sattering peak3The physial laser is at the surfae, and light is piped into �beropti ables whih lead to isotropizers buried witheah module in the ie. Therefore eah OM an be used as an emitter. This tehnique annot be used at shorterwavelengths beause attenuation in the �beropti ables beomes too great [86℄; instead we must depend on in situemitters suh as LED's and laser modules.



57Depth Dustfrom... ...to� inf �240 dusty�240 �180 lear�180 �140 dusty�140 �60 lear�60 0 dusty0 70 lear70 180 dusty180 inf learTable 5.1: Summary of dusty and lear depth ranges
due to another dusty layer. The peaks in sattering are orrelated with known ie age epohs in theEarth's geologial history.Absorption at 532 nm is nearly at as a funtion of depth, but this is beause at this wavelengthabsorption is dominated by the ie itself rather than dust. At shorter wavelengths, nearer the peak ofAMANDA sensitivity and the minimum of the absorption urve in Figure 5.1(a), the ie ontributionhas dropped and the dust ontribution beomes dominant in absorption as well as sattering. Thus,the same peaks and valleys as a funtion of depth appear in the absorption oeÆient a. Reently,emitters at a variety of other frequenies (470 nm with blue LED's, 370 nm with UV LED's, and337 nm with a Nitrogen laser) have been used to more omprehensively map out the sattering andabsorption properties as a funtion of both depth and wavelength [85℄. The results on�rm both thepredited wavelength dependene of be and a, and the presene of orrelated dust peaks in both beand a.
5.5 E�et of ie properties on AMANDA observablesA great deal of e�ort has gone into understanding how the timing of hits is a�eted by sat-tering. Without this understanding, reonstrution of muon traks in AMANDA is impossible. Sinethe sattering length of photons is 20-30 meters, and the spaing between OM's is 10-20 meters, allbut the losest hits in AMANDA arrive delayed relative to the arrival time of the Cherenkov one.The greater the distane between the OM and the muon trak, the more twisted a path the photonfollows to get to the OM after multiple satterings. As a result, both the absolute delay and thewidth of the distribution of arrival times inrease with distane.
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Figure 5.2: Sattering oeÆient as a funtion of depth, indiating the presene ofhorizontal dust layers, from [79℄.
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Figure 5.3: Simulated photon arrival time delay distributions for an in�nite muon, atfour di�erent distanes, aording to PTD simulations.
In a medium where both sattering and absorption are present, the resulting arrival timedistributions annot be expressed in an analytial form. Instead, they must be either tabulated,parametrized, or simulated photon by photon. The last option is too time-onsuming, so AMANDAemploys both tables and parametrizations. For simulations, many photons are simulated o�ine andthe results tabulated by a pakage alled PTD (Photon Transport and Detetion) [87℄. These tables(often alled simply the \photon tables") allow the AMANDA detetor simulation software to look upfor eah OM at eah distane the probability distributions of arrival times from whih it then sampleshits. Figure 5.3 shows examples of suh distributions simulated by PTD, for four di�erent distanesfrom the trak. For reonstruting events, a di�erent approah is taken. The timing distributions areparametrized with an analyti funtion (the \Pandel funtion"). This funtion and its appliation arewell doumented, for instane in [72℄, [88℄, and [76℄, so I will not disuss it in detail here. Furthermore,it is not timing but rather amplitudes that will take enter stage in this work.Understanding amplitudes is still in its infany. To date, amplitude information from PMT's isonly used to make orretions to the timing information to improve leading edge measurement au-



60ray or ompute a more aurate timing likelihood funtion. In this work, however, the distributionof photons in the detetor and the quantity of light measured by OM's will be the key observable, tobe disussed at great enough length later that the subjet deserves a detailed foundation here.The lateral distribution of photons is ontrolled both by sattering and absorption. For a pointsoure, the shape of this lateral distribution funtion has the form:Iphotons / 1�ede�d=�e�where d is the perpendiular distane from the OM to the muon trak, and �e� is an e�etivepropagation length due to the ombined e�ets of absorption and sattering, given by:�e� =p�e�a=3 = 1=p3abeFor a line soure of light, however, the ux of light at eah distane is an integral over all small trakelements, and the result is a more ompliated funtion [69℄:Iphotons / 1�eK0(d=�e� )Here,K0 is a modi�ed Bessel funtion of the seond kind whih, for large enough values of its argumentz, an be approximated as p2=(�z)e�z. So, the ux of photons at a distane d is approximately:Iphotons / 1�epd=�e� e�d=�e�
5.5.1 Relationship between be, a, and �e�The sattering and absorption oeÆients be and a are related di�erently at di�erent wave-lengths; we are most interested in the wavelength region between 350 and 450 nm. be has been wellmapped out as a funtion of depth at 532 nm, but enough has been measured at other wavelengthsto make some simple generalizations. First of all, be at 532 nm an be extrapolated to shorterwavelengths using the relation: be(�) = � �532 nm�0:84 be(532 nm)For the wavelengths of interest, be(400 nm) � 1:3be(532 nm). One at these shorter wavelengths, thetwo oeÆients be and a are orrelated with eah other; the equation for the absorption oeÆient:a(�) = Ae�0:48� +Be�6700=� + CMdust���
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(a) The four \groups" of ie implemented in MonteCarlo (see Figure 5.2).
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(b) The \bulk" ie model.
Figure 5.4: Lateral distribution of photon intensity, aording to PTD simulations.

in the wavelength region of interest beomes dominated by the third term whih depends linearly onthe onentration of dust. Thus if the sattering oeÆient rises, the absorption oeÆient rises withit roughly linearly [90℄. The ratio between them is approximately 1/6 [85℄. So, using the relationsbe(400 nm) � 1:3be(532 nm) and a(400 nm) � 1=6be(400 nm), we an approximate:
�e� �p�e(400 nm)�a(400 nm)=3 � 1:1�e(532 nm) = 1:1=be�e� is proportional to �e of sattering only; we will use this fat to simplify the alulations. Withinone ie layer, the photon amplitude should follow this distribution:

Iphotons / 1p�e� de�d=�e�This form agrees quite well with simulations of photons propagated with PTD. Figure 5.4shows the lateral distribution of photoeletrons per OM for four di�erent ie \groups" of di�erentdust onentration, as well as the average or \bulk" ie.At small distanes d, the Bessel funtion approximation breaks down, and PMT saturation



62e�ets will kik in for large events. But fortunately, a typial event will not sample this distaneregion with very many modules, so the error is kept minimal.
5.5.2 A omplete model of ADC behavior at all depths and distanesThe \raw ADC" of an optial module is the amplitude (in millivolts) of the eletrial pulsearriving at the Analog-to-Digital Converter in the surfae eletronis of AMANDA. In the alibrationstage of analysis, this number is onverted to an amplitude in photoeletrons (PE's). This numberof photoeletrons seen by an OM is also referred to as the \alibrated ADC," or simply \ADC." Iwill be using this term in the remainder of this work to refer to OM amplitudes in units of PE's.A single muon traveling through a uniform layer of ie with a propagation length �e� willprodue ADC's in AMANDA with the simple shape desribed above. However, we are faed with amore ompliated situation. Firstly, some fration of the multiple muons in a muon bundle range outas they traverse the detetor. So the overall amount of light will drop between the top of the detetorand the bottom. Seondly, the ie is not uniform but strutured in layers. An OM in a dusty ielayer will reeive less light than an OM in a lear layer. Figure 5.5 demonstrates the basi idea.The �rst issue has been addressed already, in Chapter 3; The number of muons in an event asa funtion of slant depth X is easily expressed as:

N�depth = K[(ae�be� )(ebe�X � 1)℄��
Therefore the ADC at eah OM should be proportional to the muon intensity:

ADCexpet / N�depth (X)
where X is the slant depth of the trak element nearest to the OM.Sine the SPASE/AMANDA oinidene events we will study in this work have a zenith angleof only 12Æ, an OM is likely to reeive its photons in the same ie layer as it was emitted, if thedistane traveled is small enough. Ie layers are about 50 meters thik, so a photon traveling 100meters away from a 12Æ trak will travel 20 meters if it travels diretly perpendiular. But of ourseat these distanes photons are sure to have sattered several times en route and in reality photonsbegin to ross aross di�erent ie layers at distanes more like 80 meters. Past this distane, the
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Figure 5.5: Shemati of the light intensity �eld surrounding a muon bundle. Theobserved average ADC will be higher for OM's at shallow depths (range-out orretion)and lower for OM's in dust layers (dust layer orretion).



64propagation behavior observed by the OM more resembles bulk ie properties rather than that ofthe OM's resident ie layer; the \bulk" ie has its own propagation length �e� (bulk). So here theexponential shape of the ADC hanges slope from �e� (z) to �e� (bulk). The lateral distributionfuntion is best desribed, therefore, by a split funtion with �e� (z) below a transition point D and�e� (bulk) above it: ADCexpet = 8<: NN�depth (X) 1p�e� ded=�e� (zOM ) ; d < DN 0N�depth (X) 1p�e� ded=�e� (bulk) ; d > DThe normalization of the two urves must math at the transition point:N 0 = Ne�(D=�e� (z)�D=�e� (bulk))
5.5.3 Testing the theory with dataThe distribution of light relative to a trak is diÆult to measure experimentally in AMANDA,beause the trak itself must be reonstruted using only information from the same light. However,SPASE oinidenes an be used as a sample of reliable traks or a alibration beam. A very auratetrak an be reonstruted by anhoring the trak at shower ore on the surfae and varying only thezenith and azimuth in AMANDA using the timing of OM hits (this will be disussed in more detailin the next setions). One the ADC average behavior has been tested using timing only, we will useADC's for more speialized reonstrution on an event-by-event basis.Figure 5.6 shows the average ADC as a funtion of OM depth, for several di�erent regions ofdistane. The expetation from the theory mathes the data partiularly well in the range of 50-80meters, but mathes reasonably well at all distanes. Figure 5.8 shows the ADC as a funtion ofdistane, for several di�erent regions of depth. Here we an see the shape of the lateral distributionfuntion within eah ielayer.At small distanes (suh as 25 meters), the measured ADC's appear to follow the bumps andwiggles of the ielayers with a \phase shift" in depth of about 20-30 meters, whih disappears forfarther distanes. The explanation for this e�et is: photons at short distanes arrive unsatteredfrom muons whih are traveling downward. Therefore the OM is sampling light primarily from theie diretly above it. At farther distanes, photons have been sattered and isotropized by the timethey reah the OM, so the OM samples more equally from the ie both above and below it.
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Figure 5.6: ADC as a funtion of OM depth, for four slies of perpendiular distane.The dotted urve is the theoretial expetation presented in this hapter (with anarbitrary absolute normalization).
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Figure 5.7: Same as Figure 5.6, but for Monte Carlo.
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Figure 5.8: ADC as a funtion of perpendiular distane, for six slies of OM depth.The dotted urve is the theoretial expetation (as in Figure 5.6)
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5.6 Reonstrutions
5.6.1 General AMANDA reonstrution philosophy: maximum-likelihoodHits in AMANDA are not only few in number and sparse in their geometry, but also oftenresulting from light whih has been sattered en route. Thus, a geometri �t of a perfet Cherenkovone to the timing of hits (similarly to what is done in SPASE for instane) does not work very wellin AMANDA. Sattering being a probabilisti proess, AMANDA's reonstrution tehnique mustalso be probabilisti.AMANDA's reonstrution software pakage, reoos, has a likelihood maximizer at its ore.The user inputs an event (with its pattern of hits, amplitudes, and times) and a hypothesis trakwith some number of free parameters (for instane, vertex position (x0; y0; z0) and trak diretion(�; �)). reoos then iterates through di�erent values of the free parameters, for eah one omputingthe total likelihood L of the event having arisen from the test hypothesis:L = P (obs :event jhypothesis) = YOM 0s LOM� log(L) = XOM 0s� log(LOM )The minimizer adjusts the free parameters until L is maximized. (In pratie, the \negative loglikelihood" � log(L) is more easily manipulated, and it is this quantity whih is minimized by reoos,hene the onfusing nomenlature.)The heart of the question, of ourse, is how to ompute LOM ? This quantity is the probabilityof observing a ertain hit (or hit pattern) given a hypothesis (most simply, an in�nite muon trak).But LOM is diÆult to ompute; one must inorporate the physis of sattering and absorption intonon-trivial probability distributions.Standard muon reonstrutions in AMANDA use only the arrival time information from the�rst hit in OM's. Given a trak hypothesis, the probability distribution funtion of arrival timesfor a hit are expressed by the \Pandel funtion" [72℄. The distribution funtion depends on theperpendiular distane of the OM from the trak d, and its orientation angle to the Cherenkov light



69from the trak. A parametrization of this funtion, inluding some extra features and orretions suhas PMT jitter time, has been implemented in AMANDA as a likelihood funtion alled \Upandel."Its use and auray in reonstruting muon traks has been well doumented elsewhere [88, 76℄.
5.6.2 SPASE, AMANDA, and Combined �tsBetween the two detetors, eah event an be reonstruted in a plethora of di�erent ways.SPASE �ts the event using only SPASE hit information, independently of AMANDA (this will bealled the \SPASE �t" in this work, desribed already in Chapters 3 and 4). Similarly, AMANDAreonstruts the same events using only AMANDA hit information, independently of SPASE (the\AMANDA �t"). There is a great diversity of tehniques for doing this as well; the one used hereis a \Upandel" �t with inverted Bayesian weighting4. Thirdly, information from the two detetorsan be used together. Tehniques for doing this have not been adequately explored, however thereis one straightforward method that I all \ore-anhoring." The loation of the shower ore is verywell-measured by SPASE, and the enter of AMANDA is 1750 meters away. If the trak is \anhored"or �xed at the point of the ore at the surfae, then the hit information from AMANDA an �ne-tune the trak's diretion with a long lever arm. The ombined �t is implemented by assigning thetrak vertex (x0; y0; z0) to the SPASE ore at the surfae, and allowing AMANDA's reonstrutionprogram reoos to �t the trak using its standard Upandel maximum-likelihood method but withonly �, �, and time t0 as free parameters.5.6.3 An ADC-based maximum-likelihood reonstrutionThe fous of this work is the alorimetry of muon-produed light. The amount of light an bemeasured primitively with the number of hit hannels, but a better estimate an be measured usingamplitude information from hit modules, and also the \no-hit" information (e�etively, amplitude=0)from modules whih are not hit.As with any maximum-likelihood method, we must input a hypothesis trak. Here, the hy-pothesis is a tight muon bundle surrounded by an exponentially-falling intensity of photons. As4This is a likelihood-weighting tehnique used in AMANDA to pik out neutrino-indued muons out of the over-whelming bakground of osmi ray muons. Sine the tehnique disriminates between upward and downward traks,the weighting must be inverted if one wants to study downgoing muons of the same quality as upgoing neutrinoandidates. More details on the tehnique itself an be found in [93℄.



70shown earlier in this hapter, the photon intensity as a funtion of distane d is parametrized as splitexponential, with terms representing the intensity of muons as a funtion of slant depth X, and thee�etive attenuation length of both sattering and absorption as a funtion of OM depth zOM . Wewill now use this to reonstrut muon bundles, by �nding the hypothesis whih best mathes theADC data.For eah OM, we must ompute ADCexpet from the position of the OM relative to the trak,the surfae, and the layered ie properties. First of all, the slant depth X of the OM is de�ned asthe distane between the trak vertex at the surfae and the point on the trak where the OM'sperpendiular intersets, shown in Figure 5.9. From X we ompute N�depth as desribed in previoussetions. The normalization onstant is rede�ned suh that this quantity is equal to one at a referenedepth of 1750 meters (whih, for a zenith angle of 12Æ, is approximately the enter of AMANDA).Next, �e� (ZOM ) is reexpressed as the bulk � times a orretion fator aounting for sattering:�e� (zOM ) = �e� (bulk)�be(zOM )be(bulk)��1 = d0 be(bulk)be(zOM )For eah OM's depth z, the sattering oeÆient be is looked up from the table of data measuredusing a YAG laser in [83℄ (plotted in Figure 5.2), and ompared to the bulk be at this wavelength(whih is 0.042), to obtain a the orretion fator ie = be(bulk)be(zOM ) . Meanwhile, all the normalizations(inluding the total number of muons) are lumped together into a single overall normalization A.Putting it all together then, the expeted ADC is then omputed as:ADCexpet = ( AN�depth (X) 1pd0ieded=(d0ie) ; d < DAN�depth (X)e�(D=(d0ie)�D=d0) 1pd0ieded=d0 ; d > Dwhere A and d0 are left as free parameters; one measuring the shape of the light's lateral distributionfuntion (in the absene of dust), and the other measuring the total intensity of muons in the bundle.The omplete trak is parametrized, therefore, by eight parameters: (x0; y0; z0; t0; �; �; A; d0), whereA and d0 are the interept and inverse-negative-slope of the underlying photon distribution.The likelihood of an event under this sheme is omputed in the following way for eah OM:LOM = P (ADCmeasured jADCexpet )where P is a Poisson probability. Then, the total � logL for the event is simply the sum of the� logLOM 's for all OM's, both hit and not hit.
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72Fit number Fit Type1-3 SPASE �t (all idential) SPASE4 Line �t AMANDA5 Full �t (inv. Bayes) AMANDA6 Full �t (std. Bayes) AMANDA7 Tensor �t AMANDA8 Iterative full �t AMANDA9 Core anhoring + Full �t Combined10-12 (First iteration of new �ts) (Not used)13 Core anhoring + Full �t + ADC Combined14 SPASE + ADC Combined15 Core anhoring + ADC (trak free) CombinedTable 5.2: Summary of �ts performed on SPASE/AMANDA oinidenes.
Figure 5.10 demonstrates the �t for a single event; large enough that one an see the lateraldistribution funtion of ADC's by eye. The urve is the theoretial funtion (for bulk ie, at 1750meters slant depth) aording to the �t results for A and d0. The �t is well-onstrained by the data.Three di�erent �ts using this likelihood formulation were performed:� Combined �t (SPASE ore + AMANDA timing) trak �xed, A and d0 �t as free parameters.� SPASE trak �xed, A and d0 �t as free parameters.� SPASE ore position �xed, A, d0, and trak diretion (�, �) �t as free parameters.These are the last three �ts in Table 5.2, whih ontains a summary of all the �ts used in this work.

5.7 Performane of the �tsWhih is the most aurate trak? This question an only be answered in Monte Carlo, wherethe true primary trak is known.The three ontenders are: the original SPASE trak, and the two ore-anhored ombined�ts (one based on timing and the other on ADC's). The ombined �ts would logially have anadvantage; with the 1750-meter lever arm between the two detetors, using information from bothan pin down the trak very aurately. The ore position in SPASE is a very well-measured quantityand a reliable \anhor" for the ombined �t; all that remains is to reonstrut the diretion angles(�; �) for whih there is already a good �rst guess. However, AMANDA tends to reonstrut events
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Figure 5.11: Mean angular resolution (in Monte Carlo) as a funtion of ylindrialproximity, for the SPASE trak and ombined �ts.better if the trak is within its physial volume. Thus, SPASE traks whih pass outside AMANDAtend to get inadvertently pulled in by both the ombined �ts, distorting their auray. The originalSPASE trak itself, of ourse, su�ers from no suh bias, but is less preise of a �t. This an be seenin Figure 5.11, whih plots the angular resolution vs. ylindrial proximity5 to AMANDA for thethree andidate traks. For traks that penetrate the physial volume of AMANDA (C < 1:0), theombined traks exel. But for traks passing outside this volume, the resolution of ombined trakssu�er. As the shower energy rises, the SPASE detetor alone an �t the event more and more a-urately. With higher partile ounts in the sintillators, both the ore loation and the diretionare better known. This an be seen in Figure 5.12, whih shows the angular resolution of our �tsvs. S(30). At very high energies, the SPASE trak's auray beomes omparable or better thanthe ombined �ts. However, in this work many more events inhabit the low-S(30) ranges where theombined �ts are preferred.5This quantity, a measure of how lose a trak omes to the physial volume of AMANDA, will be de�ned anddisussed in more detail in Chapter 6 and Appendix A.
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Figure 5.12: Mean angular resolution (in Monte Carlo) as a funtion of S(30), for theSPASE trak and ombined �ts ut to C < 1:0.
Thus, to use the ombined �t traks, we restrit the data set to those events passing insideAMANDA's physial volume (C < 1:0). This greatly redues the number of events at our disposal,but provides a high-resolution sample.
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Chapter 6
Cuts
6.1 SPASE utsIf we are to fully take advantage of the SPASE detetor as a \alibration beam" of muonsor use SPASE's measurements of them in a omposition analysis, then we must ensure that thisbeam is of the highest preision possible. SPASE reonstrutions vary in both diretion and energyauray. To hoose a \starting set" of SPASE events for whih these measurements from SPASEan be onsidered reliable, we will impose some quality uts on the SPASE events whih ompriseour data and Monte Carlo sets, following similar methods as are used by other experiments.
6.1.1 Angle of SPASE diretion toward AMANDAThe SPASE-AMANDA data set ontains all SPASE triggers and the AMANDA events asso-iated with them, even if the shower goes nowhere near AMANDA. Traks whih miss AMANDAompletely will have no real hits and will not make it to later stages of analysis; eliminating theseevents early on redues the data set, redues ontamination by aidental triggers (from, for instane,a oinident muon in AMANDA from another diretion), and allows us to better diretly omparedata and Monte Carlo (whih is generated only in a �xed zenith angle region of 0Æ to 32Æ and anazimuth angle region of 205Æ to 290Æ).Thus, a simple initial ut requires that the spae angle di�erene 	 between the SPASE trakand a line onneting the enter of SPASE to the enter of AMANDA (� = 12Æ; � = 247Æ) must beless than 20Æ. Reduing the solid angle aeptane from 2� to roughly 6% of that (in a partiular



77

zenith (deg)

az
im

ut
h 

(d
eg

)

p
Fe

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60 70 80 90

(a) SPASE diretion of Monte Carlo events, beforereoos.
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(b) SPASE diretion of events that remain afterreoos (Monte Carlo in olor, data in blak)Figure 6.1: Satterplot of event zenith and azimuth diretions for this data set, andproton and iron Monte Carlo (blue and red, respetively), and data (blak, whih isuniform over all diretions in 6.1(b) and so is not shown there). The urve representsthe ut 	 < 20Æ.
nearly-vertial and high-eÆieny diretion) results in a redution of raw data events by a fator ofthree. This ut is designed to be loose enough to pass any event that might be useful later in theanalysis; it overs a wide enough swath of zenith and azimuth angles that we are in no danger oflosing good events (see Figure 6.1). The ut is done by hand for 1997 data, but is performed in a\pre-analysis" stage for 1998 data.
6.1.2 SPASE ore positionAlthough in theory an air shower detetor an �t a lateral distribution funtion to �nd the oreposition even if it is outside the array, these �ts are less reliable than if the ore is inside the physialarray. So we will inlude only events whose ore is within the physial area of the SPASE detetorat the surfae. Almost all air shower experiments make a ut like this to ensure event quality.A \surfae map" of ore loations for data events is shown in Figure 6.2, and the equivalent
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80map for Monte Carlo looks similar. In both data and Monte Carlo, the bulk of events land within theSPASE detetor itself, but there is a \haze" of events outside the detetor. The events in this hazeare responsible for the long tail of very high S(30) values, a result whih is learly unphysial anddue to lateral distribution �ts gone wrong. We an make a simple irular ut on the ore position(de�ned as x0 and y0), as follows:p(x0 � xenter )2 + (y0 � yenter )2 < 60 m
Cutting these events away leaves a muh more sensible distribution of S(30). The e�et of the uton the S(30) distributions of data and Monte Carlo is shown in Figure 6.3. The ut removes about10% of the data, almost all of it from the unusual high-S(30) tail. After the ut, there is still adisrepany between data and Monte Carlo at high values of S(30). This will be addressed later, inChapter 9.
6.1.3 Cuts on S(30)The attentive reader has probably notied the disontinuity in Figure 6.3 at S(30) = 4, andthe strange behavior of both Monte Carlo and data below this size in other �gures thusfar. Thereason for the hange in behavior is a break in the analysis tehnique. A primitive estimate of S(30)is always made �rst, extrapolated from the 3rd and 4th highest-intensity stations. If this estimatedS(30) is less than four, the software onludes that the event is too small for a full-likelihood S(30)�t to be e�etive and it reords the estimate as-is. If the estimated S(30) is larger than four, thesoftware proeeds to the full-likelihood (and more aurate) reonstrution of S(30). When this isperformed, some events will now reonstrut with a small S(30), and will supplement the bins lessthan four. To avoid this strange mix of events all with likely-misestimated shower parameters, allevents with S(30) less than �ve are disarded in this analysis.Above S(30) = 5, the angular resolution of SPASE (Figure 4.4(a)) and also of ombinedSPASE/AMANDA �ts (Figure 5.12) improves steadily with inreasing shower size. Above S(30)values of about 10, the resolution is stable and better than a degree. However, low-S(30) events (inthe range 5 � S(30) < 10) will be important for this work; they omprise over half of the events aboveS(30) = 5, and we will not throw them away just yet. Instead, we will address angular resolution



81\quality ontrol" is a more eÆient way a little later in this hapter.
6.2 AMANDA utsAMANDA is a sparse array, deployed in a natural medium, under unontrolled onditions.For many events, there is simply not enough information ontained in the hits (and their times andamplitudes) to uniquely haraterize the event. If the hit pattern is an ambiguous splash of light andis not sampled adequately by the array (suh as for instane stray light from a large bremsstrahlungoutside of the array) reonstrution algorithms are easily onfused. Therefore AMANDA analysesdepend more heavily on quality uts than other experiments. To do neutrino physis, they areessential for the separation of signal and bakground. To do osmi ray physis, they are essential toevaluate the reliability of a reonstrution.Many di�erent manifestations of quality uts are used in AMANDA and will be referred toin this work; they require a brief overview. Some were designed for neutrino signal separation, usedommonly by the entire ollaboration. Others are unique to this work and designed for ompositionstudies.
6.2.1 Convergene in reoosTo onstrain �ve free parameters (whih de�ne a trak diretion), an event needs a minimumof �ve hits1. To suessfully onverge on a maximum likelihood in a multidimensional likelihoodspae requires quite a bit more; the hits must be onsistent with some preferential trak. To put itsimply, the event must have �ve or more hits that make some kind of sense. This ondition preservesonly about 4% of events from the data set, removing all the very low energy events and events whihpass so far outside of AMANDA that AMANDA does not respond. The eÆieny of this proess willbe disussed in further detail in Chapter 7.
6.2.2 The Inverted LBL FilterTo proesses a omplete year's data set in detail searhing for a few neutrinos out of theoverwhelming downgoing bakground is CPU-impratial; instead, a fast �lter for upgoing events is1After hit leaning



82applied to bring the data to a more manageable size �rst. A line�t (a simple �2 �t to the time owof hits in the detetor) is performed, and only events whih pass the following ut:�line�t > 50Æare kept in the data set. Then, a slower maximum-likelihood �t or \full �t" is performed on theremaining events. Only events whih pass the next ut:�full�t > 80Æ AND NdirBfull�t > 2are kept. Here \NdirB" is the number of unsattered (or \diret" hits).These uts are designed to initially determine the trak's diretion (is it upgoing?) and quality(does it have a few nie hits?). Sine the �ts and uts are performed at Lawrene Berkeley Laboratory,it is known as the \LBL Filter." All further neutrino analyses are done downstream of this proedure.To apply this �lter to SPASE events, we must invert the zenith angle requirements of the ut.So, requiring an upgoing hypothesis to have � > 50Æ is equivalent to requiring a downgoing hypothesisto have � < 130Æ. Thus, the \Inverted LBL Filter" whih will will use on downgoing events onsistsof the following uts:�line�t < 130Æ AND �full�t < 100Æ AND NdirBfull�t > 2
6.2.3 UW Neutrino Cuts for 1997 neutrino analysisAfter the LBL Filter, the data set is still overwhelmed by osmi ray bakground omparedto neutrino-indued signal. Further reonstrutions and quality uts are neessary to separate thetwo. Exat tehniques for this vary from analysis to analysis (there are too many to desribe), butwe will hoose one as an example: the atmospheri neutrino analysis performed at UW-Madison on1997 data [79℄. Six quality ut parameters were used in this analysis: the likelihood of the �t, thenumber of unsattered hits, the spheriity of the hits, the trak length, the di�erene between line�t and full �t, and the uniformity in time (or \smoothness") of the hits along the trak length.The important thing to remember here is that these uts were developed to separate upgoingmuon events of high enough quality to be on�dent of their upgoing diretion. In this work, all themuons of interest are already downgoing; we do not need to separate them from anything. Thus the



83only reason to apply uts suh as these are to reate a high-statistis event sample of downgoing muonswhih resemble the neutrino-indued upgoing sample. Thus these uts are used only for alibratingAMANDA's response to upgoing muons; they will not be used for omposition analysis.
6.3 Speialized uts for ombined SPASE/AMANDA analyses
6.3.1 Cylindrial proximityUnlike underground detetors, AMANDA an be sensitive to traks that pass outside itsphysial volume. The eÆieny is higher for a partile traveling through the enter of the detetorthan past the edges, of ourse, but even partiles that travel ompletely outside the detetor antrigger AMANDA if they produe enough light.We would like to parametrize the proximity of a trak to the detetor, but sine AMANDA isylindrial in shape, a simple impat parameter to the enter of AMANDA is not a good measureof this. Instead we de�ne a ylinder of radius R and height �H whih is proportional by a onstantto the physial size of AMANDA-B10; the ylinder's proportionality onstant is its \size." In otherwords, a ylinder of the exat same size, shape, and position of AMANDA-B10, is de�ned as \size1.0." A ylinder of \size 1.5" has the same enter position, but has 1.5 times the radius, and is 1.5times taller both up and down. The \ylindrial proximity" C of a trak is de�ned as the size ofthe ylinder of losest approah, shown in Figure 6.4. A detailed derivation of how C is omputed isgiven in Appendix A.The distribution of C for data and Monte Carlo (after reoos) is shown in Figure 6.5. Althoughthe statistis available drops fast when one uts stritly on this parameter, requiring the trak topass through the physial volume of AMANDA (in other words, requiring C < 1:0) results in a verypure, reliable, and robust set of events. Relaxing this ut out to 1.5 doubles the number of events inthe sample, but sari�es quality.
6.3.2 2-D ut on ylindrial proximity and S(30)As disussed earlier in this hapter, angular resolution of reonstruted traks delines withinreasing ylindrial proximity and with dereasing S(30). Unfortunately, the number of event
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Figure 6.5: Distribution of ylindrial proximities C for data and Monte Carlo (afterreoos). A tail of misreonstruted events is seen in the data; this is redued withfurther quality uts.
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Figure 6.6: Contours of angular resolution, in the two-dimensional parameter spae ofS(30) and C. The two-dimensional ut is also shown.
statistis also delines rapidly as these two uts are tightened.However, angular resolution an be preserved while still retaining events by making a two-dimensional ut in these two parameters. At small S(30), the worse events are those whih skimthe edges of the detetor (C � 1:0), while those that go through the enter are still reonstrutedwell. Contours of onstant angular resolution as a funtion of S(30) and C are shown in Figure 6.6,together with a two-dimensional ut whih preserves events with an average angular resolution of ahalf a degree or less.
6.3.3 Quality of N� �t slopeThe negative-inverse-slope of the lateral distribution funtion (d0) is determined by the ieproperties; it should be equal to the e�etive attenuation length of blue light, about 26 meters.
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Figure 6.7: Distribution of reonstruted \length" parameter d0.
However, we reonstrut this attenuation length rather than assume it. If d0 is reonstruted as anegative or very large number, this means that the lateral distribution funtion did not reonstrutwell (for instane, if the minimizer ouldn't �nd a reasonable minimum), and the resulting alorimetrimeasurement is unreliable. We therefore use d0 as a ut parameter for the omposition analysis,throwing out any event for whih d0 is not between zero and 100 (see Figure 6.7 for distributions ofthis parameter). This ut does not have a large impat on the event statistis, it merely removes themost egregious outliers.
6.4 Event set for AMANDA alibrationTo alibrate AMANDA for neutrino work, we dupliate the standard neutrino analysis hainon this data set, and also dupliate their uts.



88Cut Nevents total S(30) < 5 5! 10 10! 25 25! 50 50! 100 � 100none 4,119,206 3,316,767 324,124 226,552 73,083 31,201 147,479	 1,318,475 1,071,940 103,496 72,502 22,450 9,367 38,720	+ore 1,181,105 1,032,709 86,337 46,747 10,752 3,663 897ore+reoos 43,082 34,422 4,403 2,957 871 348 81ore+reoos+C1.5 18,627 14,016 2,320 1,639 445 173 34ore+reoos+C1.0 9,609 7,236 1,192 848 223 96 14Table 6.1: EÆienies (event numbers) for some uts.
� reoos onvergene� SPASE ore ut� LBL �lter� Loose ylindrial proximity ut (suh as C < 2:0) or simple diretional ut (suh as 	 < 20Æ)(varied)� Neutrino uts (varied)Other uts an be applied later to these events for partiular studies of alibration (see Chapters 7).

6.5 Event set for omposition studiesNeutrino uts must be very tight, beause the signal is peeking out under a large bakgroundwhih muh be rejeted. For studying omposition, however, we do not need the same standards ofquality. Our only major requirement is a reliable trak. Thus, the \omposition event set" onsistsof all events whih pass these uts:� reoos onvergene� SPASE ore ut� 2-dimensional ut on S(30) and ylindrial proximity C� ADC lateral distribution quality ut (0 < d0 < 100)These uts were developed using approximately 55 days' worth from 1997; the event rates for thevarious uts on this data sample are given in Table 6.1.
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Chapter 7
Calibrating AMANDA with SPASE
Most telesopes an be alibrated either by pointing them at bright, well-understood objets in thesky (suh as Vega in visible light or the Crab Nebula in x-rays), or by shining a alibration beaminto the detetor. AMANDA has neither kind of alibration soure for high-energy neutrinos. ButSPASE oinidenes an provide suh a alibration beam of downgoing muons. And although SPASEevents have their limitations (they are muon bundles rather than single muons, downgoing ratherthan upgoing, and available only from one zenith angle), we an use them to measure some of thebasi response properties of AMANDA.
7.1 EÆienyThe eÆieny of the AMANDA detetor is a omplex funtion of zenith angle, partile energy,loation in the detetor, and a host of other fators. Charaterizing the eÆieny depends on aurateMonte Carlo whih predits the number of events with the potential to trigger, and the perentageof them that do.However, the SPASE detetor gives us an opportunity to measure and haraterize ertaineÆienies without depending on Monte Carlo. AMANDA data is taken whenever SPASE triggers,regardless of whether AMANDA triggers itself. Many of the oinidene events have few hits inAMANDA (and some have none). The eÆieny (or \survival rate") of events an be plotted as theratio between number of events whih ful�ll a ondition and the total number of SPASE events.To study the dependene of eÆieny on energy and proximity, we have divided the param-eter spae into two oordinates: S(30) and ylindrial proximity, C, and will examine AMANDA's



90eÆieny as a funtion of these two quantities. The data set is all 1997 SPASE oinidenes whihpass the SPASE \ore ut" (desribed in the previous hapter).
7.1.1 Trigger eÆienyIn normal operation, AMANDA reads out an event if more than 16 hits arrive within twomiroseonds. Understanding the properties of this multipliity trigger is diÆult, beause it preedesany hit leaning. Hits due to noise, rosstalk, afterpulsing, or other instrumental e�ets whih arediÆult to simulate an all partiipate in the trigger and e�et the \turn-on" urve of AMANDA.For SPASE oinidenes, however, the trigger mehanism is ompletely di�erent; the event isread out for every SPASE trigger at the surfae. Within eah SPASE oinidene event, we an ountthe number of hits whih were read out, and estimate whether AMANDA would have triggered onits own1. The eÆieny of SPASE events whih have 16 hits or more in the event (before leaning)is shown in Figure 7.1.It should be warned that the atual operation of the 16-hit multipliity trigger is not equivalentto this method (whih merely ounts up all hits within 32 miroseonds). By inluding both trueand aidental triggers, this method will overestimate the trigger eÆieny.
7.1.2 reoos eÆienyAll events are put through AMANDA hit leaning and reonstrution (a proess whih requiresa minimum of �ve good hits and onvergene to a minimum). After this proess, only 4% of eventssurvive, most of whih passed through or very near AMANDA. The eÆieny as a funtion of S(30)and C is shown in Figure 7.2; it reahes 100% at high energies and near proximities.
7.1.3 Cut eÆieny for some typial AMANDA utsAMANDA analyses use a variety of quality uts, some of whih were desribed in the previoushapter. One an play a similar game with these uts, testing the eÆieny of the ut as a funtion ofproximity and energy. Here we show as an example AMANDA's eÆieny for the two uts desribed1All events are tagged, often with multiple triggers (suh as \SPASE-2 and AMANDA-B10"). Ordinarily, thisinformation is kept in the data stream, and events whih also triggered AMANDA ould be easily separated. However,in this sample of mathed-up 1997 oinidene data, this information was somehow lost. It ould be reovered byreproessing all the data.
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(b) Projetion onto S(30), for di�erent C uts.
Figure 7.1: EÆieny to have 16 (unleaned) hits in AMANDA as a funtion of S(30)and C.
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(b) Projetion onto S(30), for di�erent C uts.
Figure 7.2: EÆieny to reonstrut in AMANDA as a funtion of S(30) and C.
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LBL2 / all events
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(b) Projetion onto S(30), for di�erent C uts.
Figure 7.3: LBL Level 2 eÆieny as a funtion of S(30) and C.

previously: the Inverted LBL Filter (Figure 7.3) and the UW neutrino quality uts (Figure 7.4).There are no \standard" AMANDA quality uts; they vary from analysis to analysis. Cuts aredi�erent for speialized searhes (i.e. for point soures or gamma ray bursts), and are always subjetto improvement and hange. This measurement is meant as a guideline; it gives us an indiation ofthe sensitivity of our instrument to traks outside the physial volume.
7.2 Pointing and angular resolutionWithout any alibration soures of high-energy neutrinos in the sky, AMANDA is fored tomeasure its pointing auray and angular resolution with Monte Carlo simulations. However, thepresene of SPASE on the surfae allows for an independent measurement of these quantities. Infat, in 1997 there were not one but three surfae detetors operating in oinidene with AMANDA:SPASE-2, SPASE-1, and GASP. The three detetors, operated ompletely independently and visibleby AMANDA at two di�erent zenith angles, inrease our on�dene that the result is not due to anysurfae-detetor systematis.
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(b) Projetion onto S(30), for di�erent C uts.
Figure 7.4: Neutrino ut eÆieny as a funtion of S(30) and C.

For eah oinidene event, SPASE-22 reonstruts the shower diretion and ore loationon the surfae from the arrival times of the sintillator hits; the resulting trak is desribed byboth the ore loation oordinates and the diretion: (xS ; yS ; zS ; �S ; �S). Completely independently,AMANDA reonstruts the same event from the arrival times of the hits in the ie using the Upandelmaximum-likelihood method (desribed in Chapter 5), and provides its own hypothesized trak,desribed similarly by a vertex loation and diretion: (xA; yA; zA; �A; �A). We then ompare theAMANDA diretion (�A; �A) to the SPASE diretion (�S ; �S). By omparing diretions only, and byomparing two ompletely independent measurements, we avoid seeing o�sets that ould be arti�iallyintrodued by an unertainty in the absolute relative positioning3 of the two detetors.Sine the angular resolution of the surfae detetors (a degree or less for all three detetorsSPASE-1, SPASE-2, and GASP) is muh better than AMANDA's (about 3-4 degrees), the surfaediretion an be used as an estimate of the true shower diretion. We then examine AMANDA's2I will desribe the tehnique for SPASE-2 oinidenes, but of ourse the same proedure is followed for SPASE-1and GASP.3The relative positioning of SPASE and AMANDA has been alibrated independently, in [95℄ and [78℄.



94Cut olor ode	 < 20Æ, tight �, all energies blak	 < 20Æ, tight �, S(30) � 10 red	 < 20Æ, loose �, all energies greenC < 1:0, loose �, all energies blueC < 1:0, tight �, all energies magentaC < 0:7, tight �, all energies yanTable 7.1: Variety of uts used to measure pointing o�set in AMANDA
angular deviation from this estimate in zenith: �� = �A��S and in azimuth: �� = (�A��S)= sin �S .Distributions of these variables are plotted for all events whih pass ertain quality uts, and theresulting urve is �t to a Gaussian. Figure 7.5 shows some examples of the �� distributions (whihshow some interesting features). Six di�erent ut ombinations of varying stringeny were tried,summarized in Table 7.1.Looking at Figure 7.5, we see that the zenith pointing is o�set from zero by about 2 degrees onaverage. This means that AMANDA systematially reonstruts traks about 2 degrees steeper thanthe SPASE trak. The shape of the distribution is not a perfetly symmetrial Gaussian; there is atail at negative values (steeper AMANDA angles). The greater the asymmetry, the more the meanof the Gaussian is pulled to the negative. The magnitude of the e�et varies with ut level; moreonstrained traks exhibit more asymmetry, and SPASE-1 data is less asymmetri than SPASE-2.The auses of the asymmetry and of the overall shift are unknown.The mean of the �� distribution is the \pointing o�set" in zenith, and the mean of �� isthe \pointing o�set" in azimuth. Measurements of the pointing o�sets (in both zenith and azimuth)for the three detetors are summarized in Figure 7.6. The enter of the \rosshairs" in this plotrepresents a pointing error of zero (in other words, a reonstrution whih on average points in theexat diretion of the soure). However, measurements from all three detetors lie at negative zenitho�set of 1-2 degrees. This means that AMANDA reonstruts events on average 1-2 degrees steeperzenith than the diretion of the soure. There is a small negative o�set in azimuth pointing, but isis negligible.This is not the �rst disovery of a pointing o�set in AMANDA; it has been notied in AMANDAMonte Carlo for some time that reonstruted zeniths are 1-2 degrees steeper than the true trak [81℄.
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Figure 7.5: Pointing o�set in zenith (��) relative to SPASE-2, for the six di�erent setsof uts listed in Table 7.1.
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Figure 7.6: Pointing o�set of AMANDA (�� vs. ��), as measured relative to SPASE-2(open irles), GASP (losed irles), and SPASE-1 (open squares). The two GASPpoints represent the two ameras in the detetor. The six SPASE-2 and SPASE-1points represent six di�erent sets of uts, listed in Table 7.1.
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Figure 7.7: Pointing o�set as a funtion of zenith angle for neutrino Monte Carlo, from[81℄.
Although the exat magnitude of the e�et depends on what uts you employ and the zenith angle ofthe trak, the existene of an e�et is agreed upon by three independent surfae detetors (SPASE-1,SPASE-2, and GASP), and AMANDA's own Monte Carlo. Thus it is not a strange systemati ofone partiular analysis; it is a real e�et.
7.2.1 Dependene on zenith angleWe expet the magnitude of the zenith pointing o�set to depend on zenith angle. At � = 12Æ,reonstruted traks are 1-2 degrees steeper downgoing. But at � = 0Æ, this annot still be true (atrak annot get any steeper than 0Æ!). Likewise, at � = 90Æ, there is symmetry between up and down(both diretions are \steeper"), and so the o�set should be zero. At � = 168Æ (12 Æ from straight up),we expet an o�set of positive 1-2 degrees if traks are now pulled steeper upgoing. The expetationis on�rmed by high-energy neutrino signal Monte Carlo, whih is generated at all zenith angles (seeFigure 7.7).
7.2.2 Impat on point soure searhesHaving a pointing o�set is equivalent to having a misaligned telesope. Hene it is onlyimportant when looking at point soures in the sky. However, several point soure searhes havebeen onduted [81, 79℄, and this misalignment will result in some loss of signal.The 5-degree radius irle in Figure 7.6 represents a typial point soure searh bin of size � 1.6
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Figure 7.8: Events from a hypothetial point soure whih is o�set with �� = 1:5Æ.
times the angular resolution of the detetor of about 3 degrees. Di�erent spei� searhes employdi�erent binsizes; this example is meant merely to guide the eye. If a point soure is loated at theenter of the \rosshairs" in the sky, signal events in AMANDA will be measured at zenith angles1.5 degrees steeper. The distribution of signal events from suh a point soure is shown in Figure 7.8The number of events whih fall o� the edge of the searh bin due to the o�set is easilyomputable (see Table 7.2). At �� = 1:5Æ, 6% of the soure events are lost. At �� = 2:0Æ, 10% ofthe soure events are lost.The missing events an be reovered by re-aligning the telesope when searhing for pointsoures. Instead of entering the searh bin on the rosshairs, the bin should be aimed o�-enter inzenith for better signal gathering. Figure 7.7 an guide our hoie of this orretion.
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O�set Fration of signal Fration of eventsevents within bin lost due to o�set0.0 0.7511 00.5 0.7463 1%1.0 0.7321 3%1.5 0.7087 6%2.0 0.6768 10%2.5 0.6374 15%3.0 0.5915 21%Table 7.2: Events lost due to a zenith o�set, for a 2-D Gaussian distributed soure ofevents with 3Æ resolution and a 5Æ binsize.
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Chapter 8
Light alorimetry with ADC lateral distributions
8.1 Why alorimetry?The onept of light alorimetry is used already in AMANDA analyses. For instane, thenumber of hannels whih are hit in an event (a parameter alled nh) is used as an estimator ofmuon (and therefore neutrino) energy in di�use limit analyses [94℄, and despite its simpliity is oneof the most robust and powerful energy estimators in use in AMANDA. AMANDA is a fully ativealorimeter; its entire volume is radiative. The amount of light in the detetor is proportional to theenergy loss of the muons passing through it, and our task is to reonstrut the muons using only theinformation in this light.The nh estimator works espeially well for events whih are low-energy and pass through thephysial volume of the detetor. However, the priniple does not work eÆiently for large events orfor traks whih pass outside the physial array. In this lass of events, an unknown fration of thetotal light is sampled by the phototubes, while the rest is lost into uninstrumented ie.However, with our understanding of how light is emitted and propagates in ie, we an dobetter than just ounting hannels. Rather, we need only to sample the shape and struture of thephoton �eld in the ie to reonstrut the properties of the emitter, even if most of the light ends upundeteted.



1018.2 K50An air shower is symmetri about its own axis, and the light or partiles observed in a detetorwill also follow a ylindrially-symmetri pattern around the primary trak axis. Thus, many airshower experiments explore the shower's properties by �tting the lateral distribution of something(for instane an exponentially-falling Cherenkov light amplitude, or a sintillator partile density).Furthermore, sine the lateral distribution is theorized to have a partiular shape, the measureddistribution is often parametrized by one number representing the value of the distribution at apartiular onstant distane from the primary trak axis. Even the naming onventions for theseparameters follow a kind of industry standard. For instane,� L90: AIROBICC Cherenkov light density at 90 meters from the ore [48℄� S(30): SPASE partile density at 30 meters from the ore [110℄� C(100): VULCAN Cherenkov light density at 100 meters from the ore [111℄� �(600): Haverah Park partile density at 600 meters [58℄� S0(600): AGASA partile density at 600 meters [55℄� C120: BLANCA photon density at 120 meters [33℄� Q(100): Mt. Liang Wang Cherenkov light intensity at 100 meters [61℄Eah experiment has its own formulae for extrating the primary energy or omposition fromits seleted parameter. These formulae depend not only on the size and type of detetor but alsothe altitude and loation of the site, or zenith angle of the event. The energy resolution of themeasurement an be heked against the various air shower models and Monte Carlo simulations.In AMANDA, we will apply the same philosophy and introdue our own parameter for thedeep muon omponent of the air shower:� K50, the average AMANDA PMT amplitude measured at 50 meters from the reonstrutedtrak axis, for bulk ie at a slant depth of 1750 meters,= A 1p(50 m)d0 e�(50 m)=d0 .
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Figure 8.2: Distribution of distanes from the trak, per event, for all modules (above)and all hit modules (below).
Here, A and d0 are the two free parameters of the ADC-based reonstrution, introdued in Chapter 5.Figure 8.1 demonstrates the suess of this parameter as an estimator of muon number. A-ording to these simulations, the relationship between the two parameters is omposition-independent(a fat whih is ruial to the robustness of the measurement).
8.3 Why 50 meters?
8.3.1 The arguments for far distanesThe ADC reonstrution is a global �t to all 302 OM's. But there are few (if any) OM's at10 meters from the trak, or at 150 meters. Most of them OM's partiipating in the �t lie in a



104range of distanes between 50 and 110 meters, as shown in Figure 8.2. The modules in this range ofdistanes dominate the determination of the lateral distribution funtion whih is extrapolated to allother distanes.Although our muon bundle trak resolution is quite good (see Figures 5.11, 5.12, and 6.6 forinstane), it is not perfet. If the trak is o� from the true trak by an angle of a degree, thisorresponds to a misloation of the trak by 30 meters at AMANDA depth. How does this a�etthe lateral distribution? To one side of the error, OM's will be assigned too small of a perpendiulardistane, and their ADC's will be shifted into a smaller bin. On the other side of the error, OM's willbe assigned too large of a perpendiular distane, and their ADC's will land in a larger bin. The endresult is a \smearing" of ADC's aross distane bins and a attening of the ADC slope, espeially atsmall distanes on the order of the trak error itself. The larger the distane, the more the shape ofthe ADC distribution beomes immune to hanges in the entral trak.
8.3.2 The arguments for near distanesAs we go out in distane, although many OM's partiipate in the �t, a greater perentageof them have zero hits. Not-hit modules at far distanes will have a low probability of reeivinga hit, and so their Poisson likelihood P (0jsmall) is lose to one. This doesn't provide very usefulinformation about the hypothesis; the information is not very onstraining of the �t. Hit modules,on the other hand, are very onstraining; more e�ort must go into adjusting the hypothesis to bringit into agreement with the hits. Hit modules are most ommonly found at a distane of around30 meters (see again Figure 8.2).Near OM's are also more likely to have linear ADC behavior. At OM's far from the trak,photons will arrive sattered and delayed in time (see Figure 5.3). Pulses from the PMT are furthersmeared in time and integrated by both the eletrial able and the SWAMP ampli�er at the surfae,with a time onstant of a few hundred nanoseonds. Although a \late" photon is just as good as anearly one in this ADC analysis, if multiple late photons arrive at a faraway OM, separated by morethan a few hundred nanoseonds, the peak-ADC will only measure the shaped harge of one of themand will underestimate the number of photons. If multiple photons arrive together, as they would fora nearby OM, then they are integrated together into a single shaped pulse that is orretly measured
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Figure 8.3: The �tted ADC lateral distribution funtions relative to many di�erentanhored traks.by the peak-ADC. (See Appendix D for more on the subjet of ADC linearity.)
8.3.3 The most stable ompromiseFigure 8.3 shows the �tted ADC lateral distribution funtions for the \best" trak �t to anindividual event, and a olletion of alternative traks arti�ially moved in zenith and azimuth shortdistanes (up to 1.5 degrees total) away from the best-�t trak. The slope and interept is re-reonstruted for eah alternative trak. At very large and very small distanes, small hanges in�tted slope produe large variations in amplitude. There is a region in the middle, however, between40 and 60 meters, where the variation is the smallest. At these distanes, the �t amplitude is the



106most robust under errors in the trak position. Thus, 50 meters o�ers the most stable measurementof this rather �niky quantity, the best ompromise between modules ontributing to the �t, moduleshit, trak resolution issues, and ADC linearity.
8.4 Interpreting the measurement: single muons vs. muon bundlesLight from a single muon of energy E omes from a superposition of ontinuous emission(Cherenkov light), and stohasti emission (intermittent showers). Two extremes of muon energyan be approximated: a minimum-ionizing muon an be desribed by Cherenkov light alone, anda very high-energy muon an be desribed by averaged \shower light" proportional to the muon'senergy. This distintion is important when interpreting a measurement of the total amount of lightemitted in an AMANDA event. If the event is a single high-energy muon, then the light is roughlyproportional to the energy of the muon. If the event is a muon bundle dominated by minimum-ionizing muons, then the light is roughly proportional to the number of muons. Of ourse events ingeneral are neither extreme, as muons (be they osmi ray-indued or neutrino-indued) ome in aspetrum of energies. So K50, whih is really a measure of total energy loss, is sometimes omparedto the \number of muons" in this work. But it is important to keep in mind that although the ideaof \muon ounting" may help us to visualize some of the physial proesses at work, K50 measuressomething else unique.
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Chapter 9
Systematis and model dependenies
K50, a measurement of light amplitude, is the ulmination of many suessive proesses: hadroniinteration, propagation of partiles in the atmosphere, propagation of muons in ie, emission oflight, and reeption of the light by AMANDA's photomultipliers. A simulation of these eventshas unertainties at eah step in the proess, any of whih ould ontribute or onspire to produe adisrepany inK50 between Monte Carlo and experimental data. How, then, an we draw onlusionsabout osmi ray omposition from the measurement? Fortunately, the energy threshold of theSPASE/AMANDA oinidene detetor is low enough that we an alibrate K50 against a knownomposition at low energies, a tehnique that will be desribed in the next hapter. In essene, wewill anhor or renormalize K50 at low energies and wath whether its properties hange as energyinreases1.This philosophy is only sound if K50's behavior as a funtion of energy does not itself hangewith di�erent models. In other words, we an renormalize away the unertainties only if models di�erfrom eah other by a onstant fator in K50 over all energies suh as the example in Figure 9.1. Inthis hapter we investigate whether this is true, whether variation between models is \renormaliz-able." In the following hapter, we will introdue the omposition analysis itself and put eah modelindependently through a renormalization proedure to measure systemati shifts in the answer afterall is done.
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1109.1 E�et of hadroni interation modelQGSJET is a favorite among hadroni interation models, but we should not assume that it isthe most orret at simulating the high-energy muons that reah AMANDA. In fat, the number ofmuons is one of the variables that varies between hadroni interation models. SIBYLL, for instane,is known to produe fewer muons than other models [29℄. So we will use SIBYLL to estimate theunertainty due to interation model. Figure 9.2 ompares QGSJET and SIBYLL in their K50reonstrution. With fewer muons, the SIBYLL model has lower average ADC's, as expeted. Ingeneral, di�erenes between models an produe unertainties in eletron number Ne or muon numberN� of as muh as 50% [28℄. But the relative o�set in the normalization ofK50 between the two modelshanges by only about 5% between S(30) = 10 and S(30) = 100.
9.2 E�et of muon propagatorDi�erent muon propagators produe di�erent muon multipliities, leading to di�erenes inK50. A behavior omparison of two muon propagators (PROPMU and MMC) is shown in Figure 9.3.Although the urves look similar, there are systemati shifts at low energies. In fat, the normalizationof the two models di�ers by up to 15-20% from S(30) = 10 to S(30) = 100.
9.3 E�et of light propagation models in AMANDA ieOur model of the propagation of light in ie is ruial to the measurement of K50. In Chap-ter 5, we developed a simple model of ADC's as a funtion of distane and depth whih mathedwell to experimental data. Monte Carlo simulations, however, math the expetation less well (seeFigure 5.7).By omparing the lateral distributions of amplitudes between data and Monte Carlo, as isshown in Figure 9.4, we see disrepanies in the amount of light as a funtion of distane. Inother words, the slope of the lateral distribution of amplitudes is not being simulated orretly. Bymeasuring amplitudes at one referene distane (in this ase, 50 meters), we hope to render thisslope disrepany irrelevant, but to justify this hoie we must show that the method is robust under1We will deal primarily with the log of the quantities K50 and S(30) from this point forward. Therefore I willoasionally desribe a plot as \S(30)-K50 parameter spae," even though it is really a log-log plot.
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Figure 9.3: S(30)-K50 parameter spae, for di�erent muon propagators.



112hanges in ie properties and light propagation.Three ie models are readily available. The default model is a \layered ie" model in whihthe instrumented region of ie is divided into 16 layers, eah having its own set of photon tablesde�ned by its absorption and sattering lengths. The photon density at eah OM is omputed fromthe tables of that OM's partiular ie layer. Seondly, the \bulk ie" model treats the entire ieas homogeneous, with a single sattering and absorption length. In addition, there is a third iemodel available by aident; a bug in the photon propagation ode was disovered whih altered theslope of the ADC lateral distribution, but not before a substantial number of air showers had beenproessed. Lateral distribution funtions for this \buggy" ie are also inluded in Figure 9.4. Analternative light propagation ode (\Photonis" [80℄) will be available in the near future. This willprovide another useful ross-hek.Changing the ie properties from layered to bulk makes little di�erene, as seen in Figure 9.5;the renormalization hanges by on the order of 5% from S(30) = 10 to S(30) = 100. In the \buggy"ie, however, the renormalization wanders by as muh as 30%. Although the bug itself has been�xed, this suggests that the analysis ould be vulnerable to hanges in the slope of the ADC lateraldistribution. Carrying the buggy ie model to the �nal stages of the analysis will tell us more.
9.4 E�et of angular and absolute OM sensitivityReent measurements and analyses have ast doubt on previous measurements of the trans-missivity of the OM's glass housing [91℄ and of the angular sensitivity of the OM's [92℄. While theseunertainties greatly a�et measurements of absolute ux or of zenith angle dependene, this analysisis relatively insensitive. We are not measuring absolute uxes, and have an event sample on�ned toa narrow range of zenith angles around 12Æ. Changes in the absolute sensitivity a�et all amplitudesequally. Changes in the angular sensitivity ould be important for lose distanes (< 30 m) wherehits are unsattered and diretional, but these modules are few ompared to farther-away modulesfor whih light has been isotropized by sattering. Thus, I will laim without further proof that theseunertainties have a negligible e�et on this analysis.
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Figure 9.4: ADC lateral distribution funtions, for di�erent energies.
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Figure 9.5: S(30)-K50 parameter spae, for di�erent ie models.
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Figure 9.6: S(30)-K50 parameter spae, for di�erent ADC gates and ADC treatment.

9.5 E�et of di�erent ADC gatesData from 1997 and 1998 had very di�erent ADC gate settings. In 1997, the gate was narrowand ill-aligned; as a result many ADC's from the bottom modules in the detetor arrived too late andwere lost. In 1998, on the other hand, the ADC gate was wide enough to reord all pulses, even fromdeep modules. Appendix C desribes this issue in more detail, and the measures taken to aount forthis behavior. To summarize the situation: a variety of Monte Carlos were generated with di�erentADC gate settings: a \default" version, a \97-like" version, and a \98-like" version. In addition, avariety of data sets exist: 97 data analyzed as-is, 97 data with many bottom modules removed fromthe analysis (to aount for the ADC problem), and 98 data whih requires no speial treatment.The e�et of di�erent ADC gates on the K50 reonstrution an be estimated by omparing both thedi�erent Monte Carlos and the di�erent data treatments; this is shown in Figure 9.6. As one wouldexpet, the removal of ADC's from the bottom of the detetor is equivalent to a redution in theabsolute sensitivity of the detetor, and its e�et on renormalization is less than 5% over the S(30)



116range of 10 to 100.
9.6 Systematis in the S(30) measurement due to eletronis saturationIn Chapter 6, we applied uts to SPASE events in order to \�x" some strange features in thespetrum of S(30). After the uts were applied, the strange lobes of very large S(30)'s were removedfrom both data and Monte Carlo so that they agreed more losely (see Figure 6.3). However, evenafter the ut is applied, the data and Monte Carlo still do not agree in shape at S(30) past about 100.While the Monte Carlo smoothly ontinues to high S(30)'s with a smooth power-law spetrum, thedata uts o� rapidly. The ause of this uto� has been traed to saturation behavior in the SPASEsintillators.Eah of the SPASE detetor's thirty stations onsists of four sintillator modules; three ofthem operate in normal \high-gain" mode, while the fourth runs in \low-gain" mode. The purposeof the low-gain module is to extend the dynami range of the station when partile densities are sohigh that the high-gain modules saturate. The harge-ADC's whih read out the signals from themodules saturate at 2048 mV. The reonstrution program SPV (whih �ts an S(30) to eah event)reognizes this e�et; when it sees that the raw amplitude of a high-gain module in a station has hitthis saturation point, it uses the low-gain module for that station instead.However, a detailed examination of the raw ADC's from low-gain and high-gain modules [115℄reveals that the true saturation point of modules is less than 2048; it is more like 1300. This ismost likely due not to the ADC but to saturation of the signal splitter that preedes the ADC. As aresult, SPV swithes its attention to the low-gain modules too late. Without its knowledge, high-gainmodules hitting only 1300 mV are saturating, the station amplitudes ome out too low, and S(30) isunderestimated.Tests on small sets of data have been performed [115℄ to see how hanges in saturation treat-ment by SPV an a�et the S(30) spetrum. The \uto�" behavior appears at lose distanes suh as30 meters, but disappears at farther distanes where amplitudes are smaller. Removing any high-gainmodule exeeding 2048 does not hange the uto� behavior, indiating that saturation is ourringearlier. Using only low-gain modules in the analysis smoothes the spetrum at high energies; nouto� behavior is observed. Measurements in situ by winter-overs support the theory as well, �nding
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Figure 9.7: The e�et of orreting the S(30) measurement in experimental data, sothat the spetrum of S(30) better mathes the Monte Carlo expetation.
a pileup of high-gain amplitudes at approximately 1.3 Volts.The solution to the problem is to alter SPV so that it swithes to low-gain modules earlier,at a saturation point of 1300 rather than 2048. This orreted reonstrution proedure has beenperformed on most of the 1998 data set. The orretion reovers the S(30) spetrum up to muhhigher energies, up to logS(30) = 2:4� 2:5, as shown in Figure 9.7. At this point, even the low-gainmodules begin to saturate, and SPV has no reourse to extend the dynami range further.This e�et is not really a \systemati error" in the same sense as the other e�ets presentedin this hapter. Unlike the di�erent hadroni models or muon propagators, there is no question asto whih data set should be used for the analysis. The unorreted data is wrong; the orreted



118data is better. But a disussion of the e�et helps us evaluate the vulnerability of this analysis tothese kinds of pitfalls. Figure 9.8 ompares the two 1998 data sets (orreted and unorreted) in thenow-familiar S(30)-K50 parameter spae. The largest systemati e�et ours at high S(30), wherethe unorreted data are shifted and have depleted statistis.
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Figure 9.8: S(30)-K50 parameter spae, for unorreted and orreted experimentaldata.



120

Chapter 10
Composition
As shown in Chapter 3, protons and iron an be separated by plotting the muon omponent ofa shower vs. the eletron omponent. Here, S(30) measured by SPASE is used for the eletroniaxis. K50 measured by AMANDA (desribed in Chapter 8) is used for the muoni axis. The twoparameters plotted against eah other on a log sale (for both Monte Carlo and data) is shownin Figure 10.1. This two-dimensional parameter spae will be the fous of this hapter and theulmination of this work.The absolute sale of K50 su�ers from systemati unertainties from a variety of soures. Weknow, for instane, that the Monte Carlo overestimates the amount of light at large distanes fromthe trak, resulting in K50 values whih may be too high by a onstant fator. In addition, theabsolute number of muons ould be over or underestimated by the hadroni interation model or themuon propagation simulation, again by a onstant fator. These unertainties a�et the absolutenormalization of the K50 parameter, but not its properties or shape. Its behavior is always linearwith the underlying muon physis.The systemati shifts in the absolute sale of K50 prelude an absolute omposition measure-ment from these data and Monte Carlo alone. However, osmi ray omposition is known at lowenergies from other experiments; if we renormalize our measurement at low energies to agree withthe known omposition, we an then investigate whether the omposition hanges as energy rises.11This philosophy has preedent, as problems with absolute normalization are not unommon in osmi ray physis.Using the parameter Xmax for instane, has its systematis dangers. However, the rate of hange of Xmax with energy(dXmax=d lnE, alled the \elongation rate") is often used instead as a omposition-sensitive parameter, beause it isindependent of absolute normalization.
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Figure 10.1: S(30) vs. K50 for Monte Carlo (all events) and data (mean behavior).The \alibration bin" of S(30) = 5! 10 is shown.



122So the analysis involves two distint steps: 1) Calibrating the data to a known omposition atlow energies, and 2) Measuring the omposition at higher energies.
10.1 Calibrating on low energiesTo alibrate K50, we will use a vertial slie of Figure 10.1 with S(30) = 5 ! 10. Thisorresponds to energies of 200-350 TeV for protons and 400-650 TeV for iron. S(30) of 5 is thethreshold shower size at whih SPASE reonstrutions an be reliable, and S(30) of 10 is where theenergy for iron extends beyond where diret measurements are available.At energies of hundreds of TeV, osmi rays are neither pure protons nor pure iron, but rathera mixture of protons, iron, and intermediate nulei (He, C, N, O, Si, Ne, et.) whih an be desribedtogether by a mean log mass hlnAi. The most reent results from diret measurements and theonsensus for low-energy air shower experiments indiate that the omposition at 500 TeV has amean mass of hlnAi � 2:0 (see, for instane, Figure 1.4).Sine in this work we are omparing data only to the two extremes of protons and iron, wewill desribe omposition in general as an admixture of the two with a mean log mass hlnAi. Thefration of iron fFe for a given hlnAi is given by solving the equation:hlnAi = (1� fFe)� ln(1) + fFe � ln(56) = fFe � ln(56)This way, our omposition (derived from protons and iron only) an still be diretly ompared toother experiments whih might measure four or more groups of nulei. Our low-energy \alibrationmixture", therefore, is the admixture of protons and iron whih yields a mean log mass hlnAi = 2,or fFe � 0:50.Figure 10.2(a) shows the distribution of log(K50) for data and for the known proton/ironmixture desribed above. Although the shapes of the distributions math well, the data is o�set. To�nd the amount of the o�set, we hypothesize potential o�sets between �0:1 and 0.3 and performa Kolmogorov-Smirnov test on eah hypothesis. The K-S statisti for eah hypothesis is shown inFigure 10.2(b), and the best �t o�set is a log(K50) of 0.14. From this point onward in the analysis,therefore, the log(K50) of the data will be renormalized to the Monte Carlo by adding a onstantfator of 0.14; this is equivalent to multiplying all K50's by a uniform fator of 1.38.



123
Entries            2446

Uncal. data
50/50 mixture

log10(K50)

0

50

100

150

200

250

300

350

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

(a) The low-energy bin (5 � S(30) < 10) beforealibration.
renorm factor

K
-S

 s
ta

ti
st

ic

100

150

200

250

300

350

400

450

-0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

(b) K-S statisti as a funtion of renormalization fa-tor (units of log(K50)).
Entries            2446

Cal. data
50/50 mixture

log10(K50)

0

50

100

150

200

250

300

350

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

() The low-energy bin (5 � S(30) < 10) after ali-bration. (All data have been o�set by 0.14.)Figure 10.2: Proedure for alibrating the omposition at low energy.



12410.2 Two-dimensional alibration using utuations and shapeWithin a slie of S(30), the K50 urves of protons and iron di�er not only in mean but alsoin shape; proton events have larger utuations and are more widely distributed in K50 than ironevents. Thus, if the data and Monte Carlo are of high enough quality and statistis, it is possibleto alibrate the data at low energy without having to delare a alibration mixture a priori, butrather by sanning through both normalization onstant and alibration mixture and �nding the bestombination. The basi tehnique is the same as desribed above: ompute the K-S statisti betweendata and hypothesis, and �nd the minimum. This time the minimum lies in a two-dimensionalparameter spae, and represents both the proton/iron mixture whih best mathes the data, andthe renormalization fator neessary to get us there. Figure 10.3 shows a ontour plot of the K-Sstatisti in this two-dimensional spae and slies of the K50 distribution at some sample points inthe spae. The best-�tting mixture (of about 60% iron) mathes reasonably to the mixture quotedin the literature for these energies, giving us on�dene to proeed to the next step.
10.3 Higher energies: a hange of oordinatesOne done, we turn our attention to omposition. In Figure 10.1, we have reated a two-dimensional parameter spae desribed by S(30) and K50. The plaement of an event in this spaedepends on both the event's mass A and its energy E, giving rise to the two slanted \bands" ofevents in this plot. However, we an turn this statement around and measure an event's A and Efrom its S(30) and K50; we merely exeute a oordinate transformation between the S(30) and K50variables and a new set of axes whih I will all A� and E�.The new axes an be found by overlaying ontours of onstant energy over the Monte Carloevents plotted in S(30)-K50 spae, as shown in Figure 10.4. Contours of onstant energy are approx-imately parallel, and an be approximated by straight lines. The seven slanted straight lines drawnrepresent the onstant energies of log(E=GeV) = 5.6, 5.8, 6.0, 6.2, 6.4, 6.6, and 6.8. They form sixbins of onstant energy, and they also de�ne the angle of the A� axis along whih only ompositionhanges. The E� axis, along whih only energy hanges, is perpendiular to these lines.Figure 10.5 shows the same Monte Carlo events plotted relative to the new transformed axes
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Figure 10.4: Contours of onstant energy for proton and iron Monte Carlo, and the sixonstant-energy bins for omposition analysis.
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128A� and E�. In this new parameter spae, points of a onstant omposition (suh as protons only)form a horizontal band of inreasing energy2, and the six bins of onstant energy are vertial. Wehave sueeded in disentangling the two variables.
10.4 Measuring energyThe E� axis is onstruted in order to be linear with the log of the true primary energy.Figure 10.6 shows whether this is atually true using Monte Carlo. E� is an exellent estimator oflog(E), and is omposition-independent.A simple line�t yields this relationship:

log(Eprimary=GeV) = 4:944 + 0:7168� E�
The value of E� for eah event, onverted by this formula, gives the reonstruted primary energy.In Monte Carlo, the resolution of this energy measurement is easily measured. A satterplot ofreonstruted and true primary energy is shown in Figure 10.6. The distribution and measuredwidth of the reonstruted primary energy is shown in Figure 10.7 for six di�erent energy ranges.� logE = 0:12 at energies just above 100 TeV, and improves to 0.057 at the highest simulatedenergies of 100 PeV.One an see in Figure 10.6 that although Eprimary and E� are proportional at most energies,the proton and iron urves do diverge from the ideal line at high and low energies. This indiatesthat the true \energy axis" is not a perfet straight line, as the E� axis is. This slight divergeneis the reason for the o�set in the urves of Figure 10.7. A more sophistiated set of transformedaxes (whih are oblique and urved) ould improve performane. Sine protons and iron also beginto diverge from eah other, the Gaussian resolution measured in this �gure is the most onservativemeasurement (a possible 50/50 mixture).

2The astute reader will notie that the proton and iron bands are not preisely at. This indiates that the bestenergy and mass axes are not truly perpendiular in the S(30)-K50 parameter spae, but rather they are slightlyoblique. A more advaned analysis should perform a oordinate transformation to these oblique axes, but sine eahenergy bin will be onsidered independently, it does not muh matter in this analysis.
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Figure 10.7: Distributions of reonstruted energy minus true energy, for six slies oftrue energy. The width of the distribution measures the energy resolution.



13110.5 Measuring ompositionIn eah bin of onstant energy (onstant E�), the A� of an event is a omposition estimator.So to measure omposition at a ertain energy, we merely ompare the A� distributions of the dataand the Monte Carlo. The proton and iron Monte Carlo events an be mixed with a ertain relativeproportion to produe a ertain average osmi ray mass. Some example mixtures (light, medium,and heavy) are shown for all six energy bins in Figure 10.8. The best mixture is found by testinghypothesis mixtures and measuring the probability of the data mathing eah hypothesis mixture.This probability an be found in many di�erent ways; two tehniques have been used here:the K-S test (whih omputes the probability that two distributions, in this ase data and MonteCarlo, were both drawn from the same underlying distribution [68℄), and a maximum-likelihood test(whih takes the Monte Carlo as the underlying distribution and omputes the likelihood that thedata events were drawn from it). The advantages of the K-S test are that it takes unbinned eventsas input, and that it orretly treats the utuations in the Monte Carlo events. The maximum-likelihood test assumes that the Monte Carlo is a perfetly smooth distribution (and thus our hoieof binning an a�et the outome), but has the advantage that error bars are easily omputed fromit. Hypothesis ompositions every 5% between 0% and 100% iron were tested using both teh-niques (K-S and maximum-likelihood) for eah of the six onstant-energy bins, and the results areshown in Figure 10.9. The two tehniques give the same most likely omposition mixture, inreasingour on�dene in the method and the result.The A� parameter is sensitive enough to osmi ray mass that the data do not �t perfetlyto mixtures of protons and iron only. In Figure 10.8, for instane, one an see that at high energiesa 50/50 mixture of the two extremes produes a at (or even double-peaked) distribution of A�,while the data is single-peaked between the extremes. Real osmi rays also ontain intermediatenulei (suh as He and CNO). Although this tehnique �nds the mean mass well, by simulating andinluding these intermediate masses in this analysis we ould improve the �ts between Monte Carloand data, and explore �ner struture in osmi ray mass.
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Figure 10.8: For the six onstant-energy bins: Data (solid) ompared to example hy-pothesis mixtures \light" (80% protons, 20% iron; left), \�fty-�fty" (50% protons, 50%iron; middle), and \heavy" (20% protons, 80% iron; right).
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Figure 10.9: For the six onstant-energy bins: Left: Distributions of A� for pure protons(dashed), pure iron (dotted) and renormalized data (solid). Middle: K-S statisti as afuntion of iron perentage. Right: Likelihood as a funtion of iron perentage.



13410.5.1 Error barsThe most likely mixture is the peak of the likelihood urve; error bars an be omputed fromthe shape of the likelihood urve. We have mapped out the likelihood spae lnL as a funtion of aparameter x (in this ase, the perent iron in the mixture). If L is Gaussian in this spae, then 1�is the distane from the mean within whih 68% of the the likelihood urve is ontained. In otherwords, given:
L(x) = L(x) exp�� (x� x)22�2 �

the 1� error bar is the x at whih:
L(x1�)) = Lmax exp�� (1�)22�2 � = Lmaxe�1=2

lnL(x1�) = lnLmax � 0:5
The 2� error bars an be omputed using the same proedure:

lnL(x2�) = lnLmax � 2:0
Using our plot of lnL as a funtion of iron fration, the end of the error bar is the iron fration atwhih lnL has dropped 0.5 (or 2.0) from its maximum [65℄.With a large number of data points, the best mixture is more tightly onstrained (the proba-bility distribution has a narrow peak) while with few data points, di�erent mixtures all have a higherhane of being onsistent with the data, resulting in a atter and more unertain distribution ofprobabilities.
10.6 SystematisWe are faed with a hoie of di�erent models (hadroni interation models, muon propagators,et.) eah with a di�erent absolute normalization. However, renormalizing data to Monte Carlo ina low-energy alibration bin is a tehnique adaptable to any model. By treating eah model as anindependent test of normalization and omposition, we an gauge the stability of this tehnique underhanging models, and measure the systemati error on the �nal measurement.
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Figure 10.10: Composition as a funtion of energy, for di�erent Monte Carlo assump-tions.



136Model baseline bulk buggy SIBYLL 98 gate MMCMult.fator 1.38 1.15 1.02 1.02 1.38 1.45Const.o�set 0.14 0.06 0.01 0.01 0.14 0.16log (E/GeV) lnA� 1�(2�) lnA5.6-5.8 1.98 � 0.06 (0.13) 2.09 1.86 2.08 1.99 2.215.8-6.0 2.00 � 0.07 (0.14) 2.05 1.91 1.86 2.00 2.156.0-6.2 2.03 � 0.10 (0.21) 2.22 2.21 1.92 2.03 2.366.2-6.4 2.13 � 0.13 (0.26) 2.11 2.22 2.13 2.15 2.246.4-6.6 2.62 � 0.22 (0.45) 2.53 2.23 3.05 2.56 2.676.6-6.8 2.83 � 0.39 (0.78) 2.87 2.47 2.17 2.83 3.2Table 10.1: Summary of omposition results from di�erent Monte Carlo models.
For eah of six independent models, a renormalization onstant was omputed using a 50/50alibration mixture in the alibration bin S(30) = 5! 10. Then an idential analysis was performed;the experimental data was ompared to the model in A�, and the mean log mass and error bars wereomputed from the likelihood urve. Figure 10.10 shows the omposition results for all six models;while there are systemati shifts in the absolute hlnAi, all of the omposition measurements follow asimilar trend. The numerial results from the six models are summarized in Table 10.1.

10.7 ConlusionsFigure 10.11 summarizes the �ndings of this work: the mean log mass as a funtion of energy.Data points indiate the best mixtures from the baseline model, with 1� and 2� statistial error barsomputed from the likelihood urve. The band indiates the range of results from the use of di�erentmodels, a measure of the systemati error.The data show a robust trend of an unhanging omposition between 500 TeV and 1.2 PeVof hlnAi = 2:0, after whih it starts to beome heavier. In the knee region (3 PeV), the ompositionontinues to get heavier, up to hlnAi = 2:8 at 6 PeV, although the size of the error bars in these lastbins allow our data to be onsistent with a range of masses. The data are not onsistent, however,with mass beoming lighter through the knee.
10.7.1 Comparison with other experimentsFigure 10.12 superimposes our results over a olletion of results from other experimentsof various types (inluding Cherenkov telesopes, sintillators, and oinidene experiments). Our
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Figure 10.11: Final results: mass omposition as a funtion of energy. Thik and thinerror bars represent 1� and 2� statistial errors, respetively. Shaded region indiatessystemati errors.
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Figure 10.12: SPASE/AMANDA omposition results ompared to other experiments.Other experiments' data taken from [1℄. HEGRA/AIROBICC data adapted from [48℄,SPASE/VULCAN data adapted from [114℄, and EAS-TOP/MACRO data adaptedfrom [41℄. Error bars for other experiments are statistial only.



139results are onsistent with those of some other experiments, but not others. In partiular, the resultsof BLANCA and DICE (both Cherenkov telesopes whih show the mass beoming lighter in thisenergy region) are in onit with those of SPASE/AMANDA.Of partiular interest are SPASE/VULCAN (with whih we have a detetor in ommon) andEAS-TOP/MACRO (another deep underground muon oinidene experiment). SPASE/VULCAN'sresults are similar to ours, but share the \dip-and-then-rise" shape of the BLANCA results. EAS-TOP/MACRO has a high energy threshold and large error bars; it is diÆult to say at this stagewhether their results are omparable to ours.Although eah experiment alone has small statistial error bars (as an be seen in Figure 10.12),systemati errors are large and are not shown in this plot (exept for ours). Eah experiment su�ersfrom di�erent soures of systematis, and the ability of an experiment to understand and ontrol itssystemati e�ets determines the reliability of its result. It's a rowded room with a lot of shouting.But SPASE/AMANDA's tehnique was developed to be adaptable to any model and stable undersystematis; we believe our results are a ompetitive voie.
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Appendix A
Derivation: Cylindrial proximity ut
First we must de�ne the physial size and plaement of AMANDA-B10. On the surfae, the stringsare arranged in onentri rings, and the outer edge of B10 lies at a radius of approximately 60 meters(see Fig. 4.1(b)). The height and position of the ylinder is determined by the distribution of depthsof the optial modules in B10 (see Fig. A.1). From this �gure, we see that the atual enter of thearray is not at zero but at about +45 meters in the AMANDA oordinate system, and that most ofthe modules lie within �175 meters from this entral depth.For every SPASE trak with oordinates (x0; y0; z0; �; �), there is exatly one smallest ylinderof a �xed height/radius ratio and �xed enter position whih the trak intersets. There are twopossible ways that the trak ould interset the ylinder: by lipping the rim of the top or bottomirle, or by grazing the side of the ylinder (see in Figure A.2). We disuss the two possibilitiesseparately.
A.1 Top/bottom-lippersThe ylinder is de�ned by its �xed radius-to-height ratio R=H. So all the possible points thatould lie on the edge of the top or bottom of the ylinder are de�ned by a one of aspet ratio R=H(see Figure A.2(a)) A trak whih niks the top or bottom must interset the one at some point(x; y; z). We solve for the size of the one by �nding this point.We desribe the one with the equation: px2 + y2 = kz0 where k = R=H is a �xed numberand z0 = z � zenter is a oordinate relative to the enter of the array (rather than of the oordinate
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system). The trak an be desribed by the equations8<: x = x0 + d os� sin � = x0 + dpxy = y0 + d sin� sin � = y0 + dpyz = z0 + d os � = z0 + dpzBy ombining these sets of equations one an solve for the distane d:
x2 + y2 = k2z02(x0 + dpx)2 + (y0 + dpy)2 = k2(z0 + dpz � zenter )2x20 + 2x0pxd+ d2p2x + y20 + 2y0pyd+ d2p2y = k2((z0 � zenter )2 + 2(z0 � zenter )pzd+ d2p2z)

d2(p2x + p2y � k2p2z) + 2d(x0px + y0py � k2(z0 � zenter )pz + x20 + y20 � k2(z0 � zenter )2 = 0
The equation to be solved is quadrati in d. Therefore there an be one, two, or zero solutions. Ifthere are two solutions than the one whih yields the smallest size is hosen. If there are no solutions,then the trak must interset the side of the ylinder rather than the top or bottom.If a solution for d exists, then it an be used to �nd the intersetion point (x; y; z). The sizeof the ylinder is then: C = z0=H = (z0 + dpz � zenter )=H.



150A.2 Cylinder side-lippersSimilarly to above, again we �nd the intersetion point (x; y; z), this time between the trak(desribed by the same equations as above) and a ylinder (see Figure A.2(b)), desribed by theequation x2 + y2 = r2.
(x0 + dpx)2 + (y0 + dpy)2 = r2x20 + 2x0pxd+ d2p2x + y20 + 2y0pyd+ d2p2y = r2d2(p2x + p2y) + 2d(x0px + y0py) + x20 + y20 � r2 = 0

Again, ombining these two equations leads to a quadrati formula for d. However, the smallestylinder whih has an intersetion point is the one where this quadrati formula has exatly one root,requiring:
4(x0px + y0py)2 � 4(p2x + p2y)(x20 + y20 � r2) = 0

(x0px + y0py)2 = (p2x + p2y)(x20 + y20 � r2)
r2 = (x20 + y20)� (x0px + y0py)2(p2x + p2y)This ondition imposed, the resulting size is: C = r=R, but only if the orresponding z0 to thisintersetion point

z0 = z0 + dpz � zenter = z0 � zenter � pz(x0px + y0py)=(p2x + p2y)is less than C �H.Both the top/bottom-lipping and side-lipping solutions are omputed, and whihever om-putation gives the smallest size C is the �nal result.
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Appendix B
A muon bundle likelihood funtion for reoos
B.1 Motivation and general theoryAt the heart of reoos is the \likelihood funtion." Given a hypothesis, this funtion returnsthe probability that that hypothesis ould have given rise to the observed hit pattern in the detetor.The hypothesis is passed to the funtion as a \trak," a set of parameters desribing the position,diretion (and sometimes length or energy) of either an in�nite muon from a ��, or a asade froma �e. To �nd the best trak, reoos alls this funtion repeatedly with di�erent hypothesis traksuntil it �nds the most likely one.The AMANDA ollaboration has written many likelihood funtions. Most of them performa of loop through all optial modules, for eah one omputing the probability that the hit on themodule (or lak of a hit) ould have ome from the urrent trak hypothesis. Hit and not-hit modulesmust be treated di�erently; if a module is not hit, the likelihood is Pnohit . If it is hit, the likelihood isPhit(time;ADC; et:), whih is often more ompliated. The total likelihood for the event as a wholeis then the produt of the individual OM likelihoods, as disussed in Chapter 5.What if, however, we want to hypothesize a more ompliated phenomenon (suh as a stoppingor starting muon) or two phenomena at one in the detetor (for instane, two oinident muons or amuon plus a burst of bremsstrahlung light)? This neessitates a \multiple hypothesis." Let's onsider�rst a simple double-hypothesis ase. For the modules whih are not hit, the probability is:

Pnohit = Pnohithyp1 AND Pnohithyp2



152= Pnohithyp1 � Pnohithyp2For modules whih are hit, the probability is:
Phit(time;ADC) = Phithyp1 (time;ADC) OR Phithyp2 (time;ADC)

= 1� f(NOT Phithyp1 (time;ADC)) AND (NOT Phithyp2 (time;ADC))g
= 1� f(1� Phithyp1 (time;ADC))� (1� Phithyp2 (time;ADC))g

This philosophy an be extended to any number of hypotheses; for instane, a bundle of Nmuons, or a muon with N bremsstrahlung bursts.
B.2 The Muon-Bundle HypothesisThe infrastruture of reoos is not yet apable of handling multiple hypotheses, although workon this is in progress. However, with some mathematial inventiveness, one partiular appliationan be arried out within the existing infrastruture: muon bundles.Depending on the energy and omposition of the osmi ray primary, bundles of from a few tohundreds of muons trigger AMANDA as downgoing events. These events urrently are analyzed andreonstruted as though they were single muons, despite the fat that their bundle nature disturbsthe deliate timing of hits that is of ruial importane to the reonstrution.The bundle hypothesis does not attempt to treat tens or hundreds of muons as individualtraks; this would be far to involved. Rather, we treat the bundle as a mathematial distribution ofmuons with ertain assumed properties. Spei�ally, we assume:

� The enter of the muon bundle is the \primary trak," or the inidene diretion of the osmiray primary partile. At AMANDA depth, all muons are approximately parallel to the primarytrak at distanes R away from it.� Muons are distributed spatially around the enter of the bundle aording to a radially-symmetri density funtion ��(R) where R is the distane from the bundle enter and ��



153has units of number of muons per square meter. The integral of ��(R) over the whole plane isthe total number of muons N� at some referene slant depth (suh as 1750 meters).� The energy per muon is also desribed by a radially-symmetri funtion E(R). In general,muons loser to the enter of the bundle have higher energy than outliers.Given these basi assumptions, we now ompute a likelihood funtion. As has been donebefore, the total likelihood of an event given a hypothesis is the produt of the likelihoods from allindividual OM's: � log(L) = XOM 0s� log(LOM )So now we must ask what the bundle hypothesis \looks like" from the point of view of an optialmodule.The OM is a distane D from the enter of the bundle, and so there is a distribution of muonsat a variety of distanes. The probability of the OM being hit (or not) from a partiular muondepends on the distane r from that muon to the OM and its energy E. For a module whih is nothit, the likelihood is Pnohit(r; E). For a module whih is hit, the likelihood is Phit(r; E)Lupandel(r; t)where Lupandel(r; t) is the \U-pandel" probability of observing the hit at the expeted time. Thesefuntions are already available in reoosfor single muons, and we will adapt them to muon bundles.Eah muon in the bundle hypothesis has its own probability for the OM. From the OM's pointof view, the probability of being hit by a muon with ertain properties must be weighted by thenumber of muons in the bundle that have those properties. For instane, if an OM has a hit whiharrives early in time, it may be 100 times more likely that it ame from an \outlier" muon lose tothe OM but far from the enter of the bundle. However, there may be 100 times as many muons inthe enter of the bundle than outlying; eah probability must be weighted by the number of muonsontributing.To do this orretly, we divide the spae around the OM into small bins of r and �, shown inFigure B.1. Eah bin ontains a number of muons ni equal to ��(r; �)rdrd�, where �� is the muondensity funtion, re-expressed in terms of the variables r and � (relative to the OM) instead of R(relative to the bundle enter).
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Figure B.1: Coordinates used in the bundle-likelihood reonstrution.
B.2.1 If the OM is not hitConsider a single small bin i, whih is at a radius r from the OM. If there is one muon in thisbin with energy E, then:

Li = Pnohit(r; E)
If there are two muons in this bin with energy E, then:

Li = Pnohit(r; E)� Pnohit(r; E)= Pnohit(r; E)2In general, if there are ni muons with energy E in this bin, then:
Li = Pnohit(r; E)ni

Now onsider muons from di�erent bins i = 1; 2; 3:::. The OM has not been hit by any of the



155muons in any of the bins. Therefore,
LOM = L1 � L2 � L3 � :::= Pnohit(r1; E1)n1 � Pnohit(r2; E2)n2 � Pnohit(r3; E3)n3 � :::log(LOM ) = n1 log(Pnohit(r1; E1)) + n2 log(Pnohit(r2; E2)) + n3 log(Pnohit(r3; E3)) + :::= Xbins;i ni log(Pnohit(ri; Ei))= Xbins;r ;� ��(r; �)rdrd� log(Pnohit(ri; Ei))

= Z 10 Z 2�0 ��(r; �) log(Pnohit(r; E(r; �)))rdrd�
This last step transforms a sum over all bins surrounding the OM into a two dimensional integralover r and �.
B.2.2 If the OM is hit at time tWe follow the same general proedure as above: onsider �rst a single bin i. If there is onemuon in this bin with energy E, then:

Li = Phit(r; E)Lupandel(r; �; t)If there are two muons in this bin with energy E, then:
Li = 1� f1� Phit(r; E)Lupandel(r; �; t)g � f1� Phit(r; E)Lupandel(r; �; t)g= 1� f1� Phit(r; E)Lupandel(r; �; t)g2In general, if there are ni muons with energy E in this bin, then:

Li = 1� f1� Phit(r; E)Lupandel(r; �; t)gniNow onsider muons from di�erent bins i = 1; 2; 3:::. The OM has ould have been hit by any



156of the muons in any of the bins. Therefore,
LOM = 1� [(1� L1)� (1� L2)� (1� L3)� :::℄= 1� [f1� Phit(r1; E1)Lupandel(r1; �1; t)gn1 �f1� Phit(r2; E2)Lupandel(r2; �2; t)gn2 �f1� Phit(r3; E3)Lupandel(r3; �3; t)gn3 � :::℄log(1� LOM ) = n1 logf1� Phit(r1; E1)Lupandel(r1; �1; t)g+n2 logf1� Phit(r2; E2)Lupandel(r2; �2; t)g+n3 logf1� Phit(r3; E3)Lupandel(r3; �3; t)g+ :::= Xbins;i ni logf1� Phit(ri; Ei)Lupandel(ri; �i; t)g= Xbins;r ;� ��(r; �)rdrd� logf1� Phit(r; E(r; �))Lupandel(r; �; t)g

= Z 10 Z 2�0 ��(r; �) logf1� Phit(r; E(r; �))Lupandel(r; �; t)grdrd�
B.3 FuntionsBoth funtions �� and E depend on the physial model we assume for the muon bundles, buteah one is radially symmetri in R and an be reexpressed as a funtion of r and � through thisrelationship:

R =pr2 +D2 � 2rDos�
The energy funtion has not been well-studied, and so for now is assumed to be at:

E = 200 GeV
but this an be easily modi�ed as long as it remains radially symmetri with respet to R. For thelateral distribution of the muons ��, we hoose a funtional form from [2℄:

��(r) = N�C 1(r + r0)� where C = (�� 1)(�� 2)=r(2��)0



157From examination of MOCCA-QGSJET Monte Carlo, this form �ts quite well (see, for instane,Figure 3.6) The parameter � is always lose to �ve, while the harateristi radius r0 depends onthe omposition; for protons, r0 � 8 m, while for iron it is double that. This means that r0 alone, ifmeasured well, ould measure osmi ray omposition.
B.4 ComputationFor the single muon hypothesis, the likelihood funtion had to make a single funtion all foreah OM. Now, for the muon bundle hypothesis, for eah OM the funtion must perform a two-dimensional integral! The omputationally-expensive U-pandel funtion must be alled for eah binin the numerial integral.Thus, we must make use of as many approximations and timesavers as we an in the exeutionof this two-dimensional integral. For instane, for small numbers using the approximation log(1+x) �x an improve omputation speed.What improves the speed the most, however, is reduing the number of funtion alls to thefuntions Pnohit , Phit , and Lupandel . This an be done �rst of all by removing the �-dependenefrom these funtions, integrating with respet to � �rst, and reduing the two-dimensional integralto a one-dimensional integral in r only. �-dependene in these funtions in generally embedded in adependene on the orientation angle � of the PMT.Although the U-Pandel funtion stritly addresses timing only, and one might not expet thatit would depend on the PMT orientation at all, it does depend on this variable. But the orientation isused only in the parametrization of the variables � and �, through the omputation of the \e�etivedistane" [88℄:

de� = 3:1� 3:9 os(�) + 4:6 os2(�) + 0:84d�For most regions of our integration spae, d� will be the dominant part of this expression, and smallhanges to � will not greatly a�et the outome. Therefore, we will assume that the value of theU-Pandel funtion is nearly onstant in � (and therefore also �), and depends only on r:
Lupandel(r; �; t) � Lupandel(r; t) where � = �primary



158The Phit and Pnohit funtions, however, will depend strongly on � beause of the hangingsensitivity of the PMT to di�erent inidene angles. However, the �-dependene an be separatedout.
Pnohit = (1� P 0hit(r; E))�= (1� P 0hit(r; E))�PMT�E(E)�ori (E;�)log(Pnohit) = [�PMT �E(E)�ori(E; �)℄ log(1� P 0hit(r; E))

Here, �PMT is a onstant (the sensitivity of the PMT), �E(E) sales the eÆieny by theamount of muon light, and �ori(E; �) orrets the eÆieny aording to the PMT's orientationrelative to the light.The quantity P 0hit(r; E) does not depend strongly on the energy E, but rather a dependeneon E is buried deeply into the alulation of the \e�etive distane" de� . This distane is omputeddi�erently for the Pnohit and Lupandel funtions, but as above, we will assume that varying E is onlya higher-order orretion, and approximate:
P 0hit(r; E) � P 0hit(r) where E = 200 GeV

The next step is to translate a dependene on � into a dependene on r and �:
os � = � os � os �trak � sin � sin �trak [os � os�0trak � sin � sin�0trak ℄= os �primary os � + os � os �trak (1� os �) + sin � sin �trak sin�0trak sin �

where �0trak is relative to a transformed z-axis.Now to insert all these expressions into the integral likelihood: For modules not hit:
log(LOM ) = Z 10 Z 2�0 ��(r; �) log(Pnohit(r; E(r; �)))rdrd�

= Z 10 Z 2�0 ��(r; �)�PMT �E(E)�ori(E; �) log(1� P 0hit(r))rdrd�



159
= Z 10 �Z 2�0 �PMT��(r; �)�E(r; �)�ori(r; �)d�� log(1� P 0hit(r))rdrThe integral in parentheses is relatively fast to ompute, leaving only the one-dimensional integralwith the time-onsuming funtion alls.For modules whih are hit:log(1� LOM ) = Z 10 Z 2�0 ��(r; �) logf1� Phit(r; E(r; �))Lupandelgrdrd�

� Z 10 Z 2�0 ��(r; �)f�Phit(r; E(r; �))Lupandelgrdrd�
= Z 10 Z 2�0 ��(r; �)f(Pnohit(r; E(r; �))� 1)Lupandelgrdrd�
= Z 10 �Z 2�0 ��(r; �)(Pnohit(r; E(r; �))� 1)d��Lupandelrdr...whih unfortunately doesn't redue any further. Sine the Phit funtion must be alled in bothintegrals, this omputation is slower. But sine there are fewer hit modules than not-hit modules ingeneral, the routine as a whole does not su�er too muh.

B.5 ImplementationThe likelihood funtion is now written down ompletely in terms of existing funtions andexisting variables, with the addition of only two extra parameters: the number of muons N� and theharateristi radius of the bundle r0. Fortunately, in addition to the free parameters (x; y; z; �; �),a trak also has available the parameters energy E and length L, whih are part of the software'sexisting infrastruture. So, we implement this funtion by assigning N� to the trak's \energy" andr0 to its \length" and asking reoos to �t them both as free parameters.
B.6 ResultsI attempted to implement this funtion in reoos. The resulting reonstrution takes approx-imately two minutes per event, making debugging extremely diÆult.Although all the \parts" of the ode seem to be in working order, the reonstrution does notperform well. There is almost no orrelation between N�reo and N�true when run on Monte Carlo,nor is there any separation between protons and iron in the harateristi radius parameter r0.



160The problem ould lie in the Phit and Pnohit funtions, sine doubt has been ast on theirvalidity by the reent disovery of a bug in the photon traking pakage PTD. However, the reon-strution doesn't work even on Monte Carlo for whih \model in" should yield \model out." SineAMANDA is a sparse array, it ould simply be that there is not enough information ontained in thehits to distinguish between di�erent hypothesis bundle-shapes. After all, r0 is typially less than thespaing between OM's. But even without resolution in r0, N� should at least sale with the numberof muons and this, too, fails. A oding problem ould still be lurking undisovered.Despite the failures so far, it is this author's fervent hope that this tehnique might somedayfuntion orretly and ful�ll its potential for mapping out muon bundles.
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Appendix C
ADC gates in 1997 and 1998
Data from the AMANDA-B10 array in 1997 is the most losely srutinized data set of the experimentto date. It has been the subjet of low-level hardware and software heks, and the fous of publishedanalyses [77℄.In the 1997/98 Antarti summer season, three new strings were deployed supplementing theexisting ten. Strings 11-13 operate quite di�erently, running the PMT's urrent pulses through anLED inside the optial module and transmitting the signal to the surfae via a �beropti able. Theoptial pulses from these modules (whih are muh narrower than the B10 pulses) are read out byan optial reeiver board and passed along through TDC's and ADC's similar to the rest of thearray. But as a result of this upgrade, the 13-string array is a hybrid of eletroni and �beroptitransmission tehnology. To analyze data from the full array presents new hallenges in alibration,reonstrution, and simulation. In partiular, the three newer strings partiipate in the triggeringof the detetor and the multipliity trigger threshold in 1998 was hanged. The hange in triggerbehavior has not been simulated, and beause of its unknown systemati e�ets, the entire year'sdata set has been left largely unexplored and unused.SPASE oinidenes, however, are di�erent. To simplify data analysis and avoid unforeseenproblems with the new strings, we an simply disregard Strings 11-13 and treat the 10-string \subar-ray" identially to 1997 data. Where a standard AMANDA analysis would su�er from trigger-relatedsystematis in doing this, SPASE oinidene analysis remains immune beause the trigger itselfomes externally.Although greater study has already been invested in 1997 data than in 1998 data, this appendix



162attempts to justify the use of 1998 data preferentially. There is a ompelling reason to do this: adi�erene in the relative settings of the SPASE trigger and ADC gate, ausing hits deep in thedetetor to be lost in 1997.
C.1 Raw ADC vs. TDC in 1997The TDC gates in AMANDA-B10 an reord up to 16 edges (leading or trailing). Thus itan reord the arrival time of up to 8 threshold-rossing pulses. The TDC gate width is large (32miroseonds) to ensure that all pulses are aptured. The peak-sensing ADC, on the other hand, onlyreords one value: the maximum pulse amplitude whih arrives within its gate. The ADC reordedfor a module in an event an not be identi�ed to a partiular hit, so to avoid reording spurious ADC'sfrom noise, the ADC gate width is set as narrow as possible, and aligned in time with the expetedarrival times of pulses from real muons. Ideally, the gate should open when the �rst muon-induedsignals arrive at the surfae eletronis, and lose when the last of them arrive.It takes 2-3 miroseonds for the muon to traverse the detetor, but there are additional delaytimes introdued by the lengths of the ables. Signals from the deepest modules in the array musttravel a farther distane and will take longer to arrive at the surfae. Signals from an upgoingmuon (in whih the bottom modules are hit �rst and the top modules last) all arrive within about 4miroseonds. So the ADC gate was set to be 4 miroseonds wide in 1997.A downgoing muon, however will �re the top modules (with the shortest signal transit time)�rst, and the bottom modules (with the longer transit time) last. Depending on the geometry of theevent, the last hits an ome from up to 5 miroseonds after the �rst hits; the 4-miroseond-wideADC gate is not wide enough to ath them all. Although the gate athes the ADC's from the �rsthits well, the last hits from the bottom of the detetor are reorded in TDC's only. SPASE eventsare espeially prone to this problem, as they are not only steep in angle but also externally triggered.The relative time of the trigger and the opening of the ADC gate for SPASE oinidenes was setin 1997 suh that the �rst muon-indued pulses arrive one miroseond after the opening of the gate[110℄. This wasted miroseond shrinks the e�etive width of the ADC gate from 4 miroseondsdown to 3.This e�et an be veri�ed by looking at distributions of hits in individual modules. Figure C.1
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Figure C.1: Some sample raw TDC/ADC distributions for 97 data. The ADC gate isindiated by the vertial lines. No ADC's outside of this gate are reorded. Module158 is the bottom of one string, and module 159 is the top of the next string.
shows the distribution of leading edge arrival times (unalibrated) for some deep modules. The peakin eah distribution represents real hits from real muons; these are the hits we want to measure. TheADC reorded for eah module is assigned to the �rst hit, and only the �rst hit is inluded in thisdistribution. The small dots overlaid on the TDC distribution are the raw ADC vs. the raw TDCfor this same set of hits; where there is a dot present a hit arrived suessfully within the ADC gate.But for deep modules, one an learly see a TDC time after whih there are no ADC's reorded;these are hits whih arrived after the ADC gate had losed. This gate ut-o� time should be thesame for all modules, sine it is �xed in the DAQ. Sure enough, in the raw data the ADC informationdisappears at the same raw time (shown as a vertial line) for all modules. The deeper the module,the more seriously the losing gate uts into the distribution of hits. Some modules suh as OM 158are almost ut out entirely.
C.2 Raw ADC vs. TDC in 1998Strings 11-13 eah ontained some optial modules at very shallow (1200-1500 meters) andvery deep (2000-2400 meters) depths (see Figure 4.1(a)). To apture signals from these far-ung
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Figure C.2: Some sample raw TDC/ADC distributions for 98 data. The old 97 gate isindiated by the vertial lines. ADC's are suessfully reorded for all real hits.
modules, the width of the ADC gate for the 1998 season was expanded from 4 miroseonds to 9miroseonds [104℄. As a result, 1998 data does not exhibit the same ADC problem as 1997. Anexamination of the raw TDC and ADC distributions for 1998 data (shown in Figure C.2) shows thatADC's are being suessfully reorded for very late pulses.
C.3 The impat of the problemStarting at a depth of around zOM = �40, the outer six strings (whih ontain a greater densityof modules and therefore ontribute the most information) beome systematially less sensitive.This problem is unique to downgoing muons. The severity depends on the trak geometry.Steeper downgoing traks are in general worse than shallow downgoing traks, but the details areomplex. The outer six strings in AMANDA-B10 are onneted to the surfae eletronis by longerables (even though they are shallower in the ie overall), so the worst-a�eted traks are those whihenter the array at the top of the inner four strings and exit at the bottom of the outer six. The e�etis espeially exaerbated in SPASE data by the less-than-ideal hoie of time delay between triggerand gate opening (the \wasted" miroseond). Regular AMANDA triggers, whih are triggered by
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Figure C.3: Average ADC at 50 meters from the trak, as a funtion of OM depth,omparing 97 and 98 data.
hit multipliity at a relatively later time, are less a�eted but the e�et an be found in downgoingmuon data as well [103℄.Any hit whih does not ontain an ADC is thrown out in the hit leaning proess, sine leadingedge time alibration requires amplitude information. Having \missing" hits in an analysis will havean e�et that depends on the analysis. A Upandel timing reonstrution, for instane, uses onlyinformation from reorded hits, and so it will still work orretly but with redued auray (as ifonly two-thirds of the detetor were operating). The ADC reonstrution in this work, however, takesboth hit and not hit modules into aount; if the trak hypothesis expets hits deep in the detetorand �nds none, it will adjust the hypothesis aordingly and get systematially the wrong answer.The only solution to the problem is to remove the worst deep modules from the analysis a priori, asif they were \dead" modules, and su�er the redution in sensitivity.



166Figure C.3 shows the average ADC (a fundamental observable in this work) as a funtion ofOM depth, for a �xed perpendiular distane of 50 meters. Below Z = �40, there is a lear de�it ofADC's relative to the expetation for 1997 data. Hit leaning of the deepest and most problematimodules alleviates the problem and brings the urve loser to the expetation, but does not solve theproblem ompletely. 1998 data on the other hand behaves well without any speial leaning.
C.4 Di�erenes in treatment of 97 and 98 data in this workIn this work, a omposition analysis was performed for both 1997 and 1998 data (Strings 1-10only). Although most features of the analysis are idential, there are a few important di�erenesneessary beause of the di�ering detetor on�gurations of the two years.
C.4.1 Gate simulationSimulated events output by PROPMU were put through two nearly-idential but distintversions of the detetor simulation pakage amasim. Both used the SPASE (external) trigger optionin the pakage, but with di�erent ADC gate start times and duration. For 97-like settings, the ADCgate was set to 4400 miroseonds (whih is standard for AMANDA-B10 mass prodution MonteCarlo) and the position of the gate was aligned as well as possible with the observed uto� times inthe 1997 data. A seond set of Monte Carlo was run with 98-like settings: the length of the gate wasset to 8 miroseonds, more than enough to apture all the muon-indued hits. Both sets of simulatedevents were derived from the same air shower events, but were passed through amasim with di�erentrandom number seeds; thus, events from the two Monte Carlo sets annot be ompared to eah otherdiretly. For the �nal analysis of omposition, 97 data is ompared only to 97-like Monte Carlo,and 98 data is ompared only to 98-like Monte Carlo. A study of the systemati e�ets due to thisproblem is investigated in Chapter 9.
C.4.2 Hit leaningThe details of event-by-event hit leaning (suh as event time window, isolation leaning,rosstalk leaning, et.) was kept idential in the two analyses. However, the two data sets requiredi�erent \bad-hannel lists," both beause di�erent modules were dead or alive in the two years, and



167Year Bad Modules ADC gate problems Total removed97 28, 32, 34, 39, 40, 47, 49, 19, 20, 114, 116-122, 51 + 4650, 57, 62, 78, 81-86, 150-158, 187-194, = 9796, 102, 143, 167, 172, 221-230, 263-266,181, 182, 184, 186, 190, 293, 295-302195, 197, 199, 215, 219, 227,231-235, 252, 255, 257, 259, 260261, 267, 289, 290, 291, 292,299, 30198 3, 18, 28, 32, 34, 39, 40, 41, 42, 47, 5350, 57, 61, 62, 74, 75, 78, 81-86,94, 96, 117, 143, 167, 172,186, 188, 189, 190,194, 195, 197, 198, 199,201, 215, 216, 224, 225, 227, 234,235, 249, 258, 263, 264, 267, 280, 290Table C.1: Bad module lists for 97 and 98 dataalso beause in 97 we are fored to remove deep modules whih su�er from the ADC gate problem.A table of permanently-leaned \bad hannels" for the two years whih was used in this analysis isgiven in Table C.1.
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Appendix D
Linearity of peak-ADC's
D.1 MotivationAmplitudes play a ruial role in this work, and in other developments in energy reonstrutionin AMANDA. However, the hardware whih reads out amplitudes for the AMANDA-B10 array su�ersfrom some fundamental drawbaks. The inner 10 strings are read out with eletrial ables ratherthan �beroptis, so the signals must be ampli�ed at the surfae. In partiular, the SWAMP ampli�erreates a \fast" output for timing and a \delayed" output for measuring amplitude. The delayedsignal is put through an additional ampli�er and also an integrator. This means that the peak voltageof the delayed signal is proportional to the integrated harge arried by the signal, and this peakvoltage is read out by a peak-sensing ADC (PADC).This sheme works well for single photons or multiple photons are all arriving at one; theintegrator in the SWAMP will respond orretly and produe an output pulse with a orrespondinglylarge voltage. But if photons arrive staggered, the peak voltage output by the integrator will fallshort of the orret value, and the number of photoeletrons will be underestimated. This beomesmore of a risk at larger distanes, where a greater proportion of photons arrive sattered and delayed.In any ase, the linear response of the ADC's must be heked before an analysis based on them anontinue.
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Figure D.1: A typial single-PE pulse waveform

Figure D.2: A multi-PE waveform, where all the photoeletrons are arriving more orless simultaneously
D.2 Diret Measurement: Waveform Data from the PoleIn the Antarti summer season of 2000/2001, one Flash-ADC (FADC) was installed at theSouth Pole, with its own DAQ whih was kludged together with the AMANDA Main DAQ. Adetailed desription of the experimental setup and the data taken an be found in [100℄. Using thiswaveform setup, one an diretly measure the relationship between integrated harge (measured fromthe waveform) and the peak-ADC (measured by the DAQ). This allows us to evaluate how reliablePADC's are as a measure of the total number of photoeletrons.There are di�erent ways of measuring the integrated harge, beause waveforms have struture.(Some examples of waveforms are shown in Figures D.1, D.2, and D.3.) Even a simple single-PEwaveform has a positive pulse and a negative overshoot, making the onept of \integrated harge"not straightforward. To make sense of it, we will de�ne not just one but two di�erent types ofintegrated harge.� IntQ ("Integrated Charge") is the integral under the urve of the waveform between the time
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Figure D.3: A two-PE waveform, where the photoeletrons are staggered in time
when the waveform �rst rosses a small threshold (the �rst line in Figures D.1, D.2, and D.3)and the time when it drops below the threshold again (the seond line). Thus, if several pulsesarrive well-spaed in time, this integrates only the �rst pulse, as in Figure D.3.� IntQfx ("Fixed Gate Integrated Charge") is the total integral of positive harge between the�rst threshold-rossing and a �xed time 6 miroseonds later (the third line). We ount onlythe positive harge beause large negative overshoots an often bring the integral misleadinglylose to zero.The relationship between unalibrated peak-ADC (PADC) vs. integrated harge (IntQ) isshown in Figure D.4. There is a lear di�erene between strings 1-4 and strings 5-10, due to di�erentables. The longer integration time of the oax ables on 1-4 auses pulses to be wider and integratedharges to be greater for the equivalent peak amplitude. But an important initial onlusion is thatboth sets of strings are remarkably linear up until saturation of the peak-ADC.To study this in greater detail we must express the x and y axes in terms of photoeletrons,rather than voltages or harge. For peak-ADC's, this is trivial: simply divide by the ADC \�"from the Optial Module DataBase (OMDB) (this is the number used by the alibration program totranslate peak-ADC voltage into photoeletrons, unique to eah OM). Integrated harge from moduleto module should also sale by this number.To put the x-axis in units of photoeletrons rather than harge, we assume that the PADCresponds linearly to harge in the small-amplitude region surrounding 1 PE. We an then use 1-PEevents to alibrate one axis to the other. Strings 1-4 and 5-10 must be alibrated separately beause
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Figure D.4: Peak-ADC vs. integrated harge (unalibrated, in \raw units"). Blak:strings 1-4. Red: strings 5-10.
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Figure D.5: Calibrating the x axis to the y-axis, using 1-PE events only. Top: strings1-4. Bottom: strings 5-10.
of the di�erene in able integration time disussed above. To ensure that the events we are lookingat truly are one photoeletron, we an impose a ut that the number of hits seen by the DAQ isexatly one. Although a powerful ut, it does not get rid of all the strange-looking events. Theremaining strange-looking things an be removed by demanding that the �xed-gate integrated harge(IntQfx) be within 1.5 of the �rst-hit-only integrated harge (IntQ); a disrepany larger than thatbetween the two numbers would mean that strange multi-PE things are going on.After these 1-PE uts are applied, the plot of PADC vs. IntQ looks niely linear and undis-turbed by outlying points, and an be �t to a linear funtion, as shown in Figure D.5. The slope ofthe linear �ts (0.13048 for 1-4 and 0.18983 for 5-10) an then be used as a multipliative fator to
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Figure D.6: Peak-ADC vs. integrated harge (alibrated, in photoeletrons). Blak:strings 1-4. Red: strings 5-10. The line represents perfet one-to-one linearity
adjust IntQ so that it is in units of photoeletrons.After making this alibration, the PADC vs. IntQ plot (in units of PE's) looks like Figure D.6.Again, the PMT response is remarkably linear, but with di�erent slopes for 1-4 and 5-10. Thissupports the ontention that K50 is a linear quantity as well.
D.2.1 A word about saturationIn this set of data, the peak-ADC itself saturates at 2.5 Volts before the PMT shows signsof saturation. This 2.5 Volt saturation point will translate into a di�erent number of PE's for eahOM, depending on its gain and its alibration. Therefore, there is no single alibrated amplitude at



174whih saturation ours; any analysis whih inorporates saturation e�ets must either aount for itbefore alibration while the amplitude is still in Volts, or know the saturation point in PE's for eahindividual module.
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Appendix E
Dark Noise in PMT's: Evidene for Glass
Radioativity
E.1 MotivationThere is a dramati di�erene between the dark noise rates of optial modules in strings1-4 of the AMANDA detetor, strings 5-13, and strings 14-19. Modules in 1-4 measure rates ofapproximately 300 Hz in the ie, whereas modules in 5-13 measure rates of around 1100 Hz and14-19 measure around 800 Hz. The presene of noise reates problems for identi�ation of neutrinoevents; a single hane noise hit an throw o� a omputer's reonstrution of an event, and preventthe event from passing uts. Thus, it is important to understand why the noise rates are so muhhigher in later strings, so that the problem an be redued in the future1.The �rst task is to isolate the soure of the noise: does it ome from the ables, from the glasshousing of the module, from the gel whih ouples the glass to the photomultiplier tube (PMT), oris it oming from within the PMT itself? Fortunately, our lab was equipped with several samplemodules from the di�erent bathes, as well as some bare PMT's whih were known to be low-noise(�300 Hz). Thus, by rearranging the various omponents of the modules (PMT, gel, glass, andables), we ould isolate the soure of the high noise.

1This work was done and this hapter written in 1999. It was presented at a ollaboration meeting but was neverpublished. I inlude it here for referene and for posterity, even though the language is a bit arhai and the onlusionshave been part of AMANDA olletive knowledge for several years now.



176E.2 Experimental setup and tehniquesA PMT or module to be tested was plaed in a light-tight freezer (apable of temperaturesof -40ÆC). High voltage to the PMT was supplied into the freezer through an HV splitter box. Theoutput signal (a negative pulse of typially 100-150 mV) was sent simultaneously to an osillosopeand to a 30 mV disriminator. The disriminator's output was sent through a gate generator andthen a saler, whih sent the ount rate (ounts per seond) to a PC where it was histogrammed (seeFigure E.1).
HV

HV Splitter

PMT

Discriminator

Gate
Generator

Scaler

Scope

Computer

Freezer

Figure E.1: Experimental setup of noise measurements.
E.2.1 Afterpulse SuppressionOasionally, aelerated photoeletrons in the PMT will liberate a positively harged partileat the anode, whih is aelerated bak by the high voltage and will produe an extra photoele-tron when it strikes a surfae. This \after-pulse" an arrive up to a miroseond after the originalphotoeletron. When these experiments �rst began, our disriminator's gate was so short (tens ofnanoseonds), that many of these after-pulses were being reorded as independent pulses. To irum-vent this problem, we lengthened the gate to 8 miroseonds. All the �nal results presented here usethis longer gate, unless spei�ed otherwise. Noise rates using the short gate are notieably higherand should be onsidered with aution.



177E.2.2 Solid and liquid gelAt �rst, PMT's and their gels ould be swapped in and out of glass hemispheres simply usingone's hands. The solidi�ed gel ould be kept in one piee and transported between spheres. But thequality of the gel dropped the more it was handled; bubbles formed, or the gel broke into piees. Sofor later experiments we used unured, or \liquid", gel for optial oupling. The PMT was suspendedabove an open glass hemisphere and held in plae, and the liquid gel ould be poured between it andthe glass. This allowed us to swap PMT's in and out of di�erent spheres without worrying aboutdegrading the quality of the gel.
E.2.3 Simulating ie with an \absorber"In the Antarti ie, the lowest-noise spheres (Billings spheres, on strings 1-4) run at near300 Hz. Although we measured bare PMT's with this noise rate, none of the modules we tested,inluding the Billings, had noise this low. The disrepany between the deep ie measurements andlab measurements is partly due to the good optial oupling between the outside of the sphere andthe ie; some of the photons reated in the glass an easily esape into the ie through this interfae.Whereas, in the lab, the outside of the sphere is open to air; more photons an reet o� this interfaeand an be seen by the PMT. We tested this theory by surrounding the outside of the sphere withsomething of similar refrative index to glass, or something that would absorb photons exiting theglass rather than reet them bak: an \absorber." For the absorber, �rst we tried resting the glasshemisphere in a \bed" of solid gel resting inside a blak plasti bag. Then we tried overing theoutside of the module with blak eletrial tape. Both gave similar results: a lower noise rate asexpeted, loser what is measured in the ie (but still not perfetly eÆient).
E.3 All the numbersThe following is a table of all the noise measurements made, desribing the type of glass, thePMT, and the onditions of the experiment. I list eah PMT by its serial number. Sine glass spheresdo not have serial numbers themselves, I have labeled eah sphere (or hemisphere) aording to thetype of glass (\Benth" for Benthos, \Bill" for Billings, et) followed by the serial number of the PMTwhih was originally housed in that sphere. Test spheres sent to us by glass ompanies (suh as



178MLane) ontained no PMT's originally, and so they are labeled by an arbitrary number (suh as#1 and #2).I have organized the table by glass sample, so that patterns of variation from glass to glassan be easily piked out.All noise numbers rounded to the nearest ten, sine there is enough variation in measurementsfrom run to run to make that last digit useless. Experiments with an absorber on the outside arelabeled either \gel outside" or \blak tape."Date PMT# Glass# Gel Temp. Comments Noise1/11/99 bb6814 none none -40 short gate 3501/12/99 bb6657 none none -40 2301/13/99 bb6814 none solid -30 gel only 2801/14/99 bb6814 none solid -40 gel only 3101/16/99 bb6437 none none -30 2101/21/99 bb6437 none none -40 2401/27/99 bb6814 none none -30 3501/28/99 bb6814 none none -30 3302/2/99 bb6814 none none -30 3002/4/99 bb6814 none none -30 3102/8/99 bb6814 none none -30 3102/22/99 bb6814 none none -30 2803/2/99 bb6814 none none -30 3203/8/99 bb6814 none none -30 2504/21/99 bb6657 none none -30 3104/22/99 bb6657 none none -30 2901/11/99 bb6657 Benth6657 solid -40 short gate 33201/12/99 bb6814 Benth6657 solid -40 16201/13/99 bb6657 Benth6657 none -30 glass only 7401/14/99 bb6657 Benth6657 none -40 glass only 9001/16/99 bb6657 Benth6657 solid -30 17901/21/99 bb6657 Benth6657 solid -40 19701/27/99 bb6657 Benth6657 liquid -30 21302/2/99 bb6657 Benth6657 liquid -30 gel outside 18801/11/99 bb6771 Benth6771 solid -40 short gate 32601/16/99 bb6717 Benth6717 solid -30 20801/21/99 bb6717 Benth6717 solid -40 23901/12/99 bb6314 Bill6314 solid -40 7402/22/99 bb6314 Bill6314 solid -30 blak tape 5101/13/99 bb6330 Bill6330 solid -30 5801/14/99 bb6330 Bill6330 solid -40 680



1791/13/99 bb6437 Bill6437 solid -30 6901/14/99 bb6437 Bill6437 solid -40 7901/16/99 bb6814 Bill6437 solid -30 8101/21/99 bb6814 Bill6437 solid -40 8301/27/99 bb6437 Bill6437 liquid -30 6701/28/99 bb6437 Bill6437 liquid -30 gel outside 5404/21/99 bb6437 Bill6347 liquid -30 6602/4/99 bb6437 MLane1 liquid -30 9402/8/99 bb6437 MLane2 liquid -30 9604/22/99 bb6437 MLane2 liquid -30 blak tape 6602/22/99 bb6657 17"Benth liquid -30 23603/2/99 bb6657 17"Benth liquid -30 blak tape 14002/22/99 bb6437 17"Nautilus liquid -30 14503/2/99 bb6437 17"Nautilus liquid -30 blak tape 7804/21/99 bb6814 Benth302 liquid -30 18604/22/99 bb6814 Benth301 liquid -30 blak tape 1160
E.4 Easy onlusions1) As all measurements were done using the same sets of ables, the ables are not the soureof the noise.2) All PMT's alone measures low noise (200-400 Hz). Cosmi rays may be the soure of someof this noise, and the rest we assume is due to thermal liberation of photoeletrons from the PMT.3) Any PMT when plaed in a '96 Benthos sphere beomes high-noise (1600-2400 Hz). Theonly exeption to this result ourred when there was no gel between the glass and the PMT; webelieve that the lak of good optial oupling aused many of the noise photons from the glass tonever reah the PMT.4) Any PMT when plaed in a Billings sphere beomes low- noise (600-850 Hz).5) A low-noise PMT in only gel (no glass) measures noise as low as if it were bare. Therefore,the gel does not ontribute to the noise.6) Putting gel or blak tape on the outside of a sphere of any type redues its noise, as expeted.However, our tehniques are not totally eÆient at doing this.7) After-pulses ontribute signi�antly to the apparent ount rate, if long-gate preautions arenot taken.



1808) MLane spheres, although quiet relative to Benthos (�950 Hz), are not as quiet as theirpredeessors.9) 17" spheres in general have muh higher noise rates, beause of their greater thikness andvolume. Conlusions about these samples require some more in-depth analysis (see below).10) Liquid gel will \go bad" if left exposed to the air for a long time. All the liquid gelmeasurements above used the same sample of gel, whih was simply poured from sphere to sphere.But after a long break in time between measurements, I found that the gel suddenly was produingalmost 1000 Hz of exess noise in all measurements. It had been exposed to air for several months.On lose inspetion, I found small �lamentary-looking reddish partiles oating in the gel, and it hadturned a slightly orange olor. The \bad" gel was replaed with a sample from the same year, butwhih had been sitting on the shelf, not exposed to air or used. This solved the problem and previousmeasurements ould be repeated.
E.5 RadioativityIf the exess noise is oming from the glass, the most likely ause is radioative material in theglass. Samples of all the glass types were sent to LBL for further testing. They measured the rates ofbeta deay from potassium (40K), uranium, and thorium using a high-purity germanium gamma-rayspetrometer. LBL's results learly suggest that radioative potassium is responsible for most of thenoise, with uranium and thorium ontributing small amounts as well. In addition, they were able tomeasure the perentage of potassium in eah sample. [101℄Alerted about the potassium levels in their glass, Benthos agreed to do a self-test for potassiumfor their old glass (strings 5-13) and their new glass (strings 14-19) for omparison. The found 1.0%in the 5-13 sample and 0.5% in the 14-19 sample.
E.6 Geometri E�etsFor a better analysis, one must take into aount the di�ering sizes and thiknesses of thesamples in these tests.
Dimensions:



18117" diameter Benthos: thikness 1.6 m17" diameter Nautilus: thikness 1.4 m13" diameter Benthos: thikness 1.2 m12" diameter Billings: thikness 0.9 m
We must also understand the mehanism for the noise. Assume that 300 Hz is inherent withinthe PMT itself and annot be avoided, even if the sphere is low in potassium. The remainder of thenoise whih is due to radioativity will sale either by volume or by thikness (or a ombination of thetwo) depending on how photons behave in glass. If most photons reet o� the glass/air interfae,then photons generated anywhere inside the volume of the hemisphere will arrive eventually at thePMT, and the ount rate should sale by the volume. However, if most photons esape the glasswhen they hit the glass/air interfae, then any photons reahing the PMT must have ome from a�xed solid angle \below" it, and the ount rate should sale by thikness. (See Figure E.2.)

Figure E.2: Photon behavior a) with reetions b) with absorption.
It is diÆult to atually do the saling, sine we are probably dealing with a ombination ofboth e�ets. However, gel or blak tape on the outside of a sphere should redue the importane ofvolume and give us primarily a thikness dependene. We an make a very simple assumption thatonly the photons immediately \below" the PMT are seen by the PMT, and that all other photonsesape through the absorber.



182E.7 Putting it all togetherHere is a table showing the noise rates for all kinds and sizes of spheres. (If multiple mea-surements were made, the most reliable one was hosen.) The �rst olumn is measured noise rate.The seond is after subtrating 300 Hz of noise inherent to the PMT, unrelated to radioativity.The third olumn is the seond olumn saled by thikness to the thikness of 13" Benthos. (Thisis done only for \absorber" measurements, for whih our simple assumption may be valid). I havealso inluded for omparison the perentage potassium as measured by LBL, and as measured byBenthos's self-test.Type of Noise -300 Thikness 40K 40Kglass Rate PMT Saled LBL Benthos13" old Benthos 2100 1800with absorber 1800 1500 1500 0.75-1.2 1.0in ie 110013" new Benthos 1860 1560with abs. 1160 860 860 0.32 0.5in ie 80017" new Benthos 2360 2060with abs. 1400 1100 825 0.2312" old Billings 700 400with abs. 540 240 320 0.04in ie 30012" new MLane 950 650with abs. 660 360 480 0.0817" Nautilus 1500 1200with abs. 780 480 410 0.01As the \absorber" tehnique is obviously not as eÆient as real Antarti ie, as the noiserates of modules in the ie are onsistently lower in the ie than in the lab. There is onsisteny inthe behavior of the three bathes of glass; this aspet of the noise appears to be well-understood.
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Appendix F
A Fourier Analysis of Supernova Data from 1997
F.1 The Supernova Data Aquisition SystemThe AMANDA detetor has two separate data aquisition systems: the \muon" DAQ, whihreords muon- or shower-indued events whih trigger the detetor, and the \supernova" DAQ, whihmonitors the ount rates of all the detetor's optial modules and operates ontinuously. The purposeof the supernova DAQ is to detet the low-energy eletron-neutrinos from events suh as supernovae.A ooding of suh low-energy partiles may not produe any triggered events in AMANDA, butwould instead raise the ambient light level in the ie, and raise the singles ount rate of all optialmodules.Data from this speialized DAQ an also be used to searh for weak periodi signals. Per-forming a Fast Fourier Transform on this time series data allows us to searh frequeny spae forperiodiities. This tehnique is sensitive to very weak signals whih would not ause AMANDA totrigger or be detetable in the muon data, and allow us to searh for low-energy neutrinos from softgamma repeaters, pulsars, or x-ray binaries.Like muon data, supernova data is organized into runs. Eah run ontains a ontinuousreording of all optial modules' ount rate binned every 0.5 seonds. This report will address astudy of all suh data from 1997: 65 runs varying in length from 1300 seonds to 7 days, overing176.2 total days of live time1.

1This work was published as an AMANDA internal report, #20010401 (not an April Fool!). I have reprodued ithere basially unmodi�ed.



184F.2 Fast Fourier Transforms: A ReviewWe take the average ount rate for all modules as a ontinuous time series xk whih is sampledevery �t seonds, thus, tk = �t� k. The series has a total number of bins N and total duration T .First the mean value of xk is alulated and subtrated from every time bin, giving the time series azero mean. Then a Fourier transform of the time series is alulated, yielding oeÆients aj for eahbin of frequeny fj = j=T :
aj = NXk=1(xk � x) exp(2�ifjtk)Suh a transform an be easily alulated with an FFT algorithm if N is a power of two. This meansthat some data at the end of a run was simply negleted and left out of the analysis.The aj oeÆients are omplex numbers, and over both positive and negative frequenies upto the Nyquist frequeny fNy = 1=2(�t). A physially meaningful quantity is the power ontainedin eah frequeny bin:

Pj = 2� jaj j2=N�2:
The fator of 2 omes from the fat that positive and negative frequenies are symmetri and redun-dant; this also implies that the number of bins in our power spetrum is half the number of bins in theoriginal time series. The normalization fator N�2 is di�erent from what one �nds in most literature(N , or the total number of photons, equal to NC where C is the mean number of total ounts pertime bin). The reason for this di�erene has to do with the Gaussian behavior of the distributionof noise rates. In a purely Poissonian proess with many photons, the distribution of noise ratesapproximates a Gaussian, where the variane �2 is equal to the mean C. Although the noise in thisdata is Gaussian, its variane is larger than what one would expet for a purely Poissonian proess.The reason for this is not understood yet, but the e�et has been observed before, for instane in[117℄. For this analysis, then, N�2, omputed for eah series as:

N�2 = NXk=1(xk � x)2
gives the orret normalization for eah resulting power spetrum. The total normalized power overall bins is 2.



185The maximum frequeny that this analysis is sensitive to (the Nyquist frequeny) is determinedby the minimum time binning of the data (�t = 0:5 seonds ! fNy = 1 Hz). The longer in totalduration the series, the �ner the binning of frequenies. But in a searh for weak signals, signal tonoise is more important than �ne frequeny binning. Chopping a set of data intoM smaller segmentsand adding together the power spetra of all the separate segments will enhane any real feature inthe power spetrum relative to the random utuations.
F.3 Removing problemati modulesRemoving bad modules from the analysis is very important; individual bad modules an infat produe signi�ant spikes in a Fourier power spetrum. The raw (0.5-seond time series) datafrom all 302 AMANDA-B10 optial modules were Fourier transformed individually, for three runs(one at the beginning of the year's data, one in the middle, and one at the end). Modules wererejeted from the entire 1997 analysis if they were suspiious in any of the three inspeted runs, inany of the following respets:� High noise rate� Low or zero noise rate (dead modules)� \Glithy" noise rate� Strange features in Fourier spetrum (see below)Examples of some ases are shown in Figure F.1. The top module is a normal one, with nostrange features either in time-series or frequeny-spae. The middle module (module 5) appearsnormal in all respets looking at the time series. It does not appear on any \bad module" listin AMANDA. And yet it produes a strange 23-seond feature and harmonis in frequeny-spae.Modules 5, 6, 17, and 18 have this property whih is not understood and not found in any othermodules. The bottom module in Figure F.1 (module 186) is on several \bad module" lists for obviousreasons; it is high noise and glithy, sometimes saturating the supernova DAQ. Three bad modulesof this type produe a 1.3-seond feature in the Fourier transform. A list of all removed modules anbe found in Table F.1.
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Figure F.1: Top: module 100 and its Fourier spetrum (normal). Middle: module 5and its spetrum (23-seond Fourier feature; removed). Bottom: module 186 and itsspetrum (1.3-seond Fourier feature; removed).
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Module Reason5 Produes 23-seond Fourier feature6 Produes 23-seond Fourier feature17 Produes 23-seond Fourier feature18 Produes 23-seond Fourier feature28 Dead32 Dead34 Dead39 Dead40 Dead47 Dead50 Dead57 Dead62 Dead78 Dead81-86 Not in use96 Very low noise rate106 Low osillating noise rate143 Dead167 Very low noise rate172 Dead186 High noise, glithy, produes 1.3-seond Fourier feature190 Very low noise rate195 Very low noise rate197 Very low noise rate199 Very low noise rate215 Very low noise rate227 Dead229 High noise, \srewy"231 Dead232 Dead233 High noise, glithy, produes 1.3-seond Fourier feature234 High noise, saturating235 Very low noise rate255 High noise, saturating257 Glithy259 High noise, saturating260 High noise, glithy, produes 1.3-seond Fourier feature261 Somewhat high noise262 Somewhat high noise263 Glithy264 Dead267 Dead
Table F.1: Removed optial modules from B10 for FFT analysis



188F.4 Sliing eah run into 34-minute \segments"For a �rst searh for very weak signals, there are advantages to dividing a long series of datainto many shorter segments, transforming eah segment separately, and then summing the transformsof eah segment together into one total power spetrum.There are some logistial advantages to this tehnique. For one thing, it allows us to ombinedata from runs of various sizes (some are as short as 1300 seonds and others as long as 7 days)by hopping all runs into segments eah of equal duration and equal importane. Seondly, as theduration of eah segment is arbitrary, we are free to hoose one whih onveniently ontains a numberof bins whih is a power of two (making the Fourier transform algorithm easy to implement). Thirdly,if a glith or spike or other undesirable event ours in a segment, that segment an be disardedwithout a�eting the other segments or having to throw out the entire run.But most importantly, if the Fourier transform is dominated by white noise (as we believe itis), then by summing together many independent spetra of independent segments of time, we ansmooth out the utuations in the noise while enhaning any existing signal. In e�et, we sari�efrequeny resolution for sensitivity.The segment duration was arbitrarily hosen to be 212 bins, or 211 seonds, whih is about34 minutes. The resulting power spetra then ontain 211 bins of frequeny from 0 Hz to the Nyquistfrequeny of 1 Hz. The frequeny bin size is then 4:9� 10�4 Hz.F.5 Rejeting spikes and glithesAs mentioned above, one of the advantages of splitting the data into segments is that onemisbehaving segment an be thrown out without throwing away the entire run of data.A segment is identi�ed as ontaining a spike or a glith if it meets either of the followingriteria:� Spike: The highest or lowest ount rate lies outside 10� from the average ount rate (where �is omputed as in the disussion of normalization above)� Glith: The maximum or minimum \sliding mean" (that is, mean ount rate in a sliding windowof 100 time bins) lies outside �2% of the overall average ount rate.



189Run 46, File 1 ontains examples of problemati spikes. Run 43, File 1 ontains an exampleof a glith in the noise rate down and then bak up again (see Fig. F.2). These disontinuities auseproblems in the Fourier spetrum. Notie, however, that we do not throw out the data in betweenthe two glithes, where the noise rate is lower than normal. This is beause we are sensitive only tohanges in noise rate and not the absolute noise rate.The auses of spikes and glithes is not well-studied. Many of them are believed to be at-tributable to hardware-related events at the South Pole (suh as laser runs, loss of high voltage tomodules, rashing or re-starting of the DAQ, et., see [117℄ for a more in-depth disussion). In themeantime, these untrustworthy events are simply thrown out of the analysis and we proeed.F.6 The Distribution of PowersPerforming this segmentation of the data and summing of the transforms a�ets the statistialproperties of the resulting power spetrum. IfM is the number of independently-transformed Fourierpower spetra from independent time-series segments, then distribution of powers in the summedpower spetrum is expeted to follow a �2 distribution with 2M degrees of freedom [122, 123℄.Data from a sample run agree with this expetation. Figure F.3 shows the output Fourierspetrum of one segment (M = 1) and its �2 distribution of powers. For M = 1, the distributionredues to an exponential. Figure F.4 shows the same thing but for M = 25 summed spetra. Theshape of the urve is now more ompliated, but for very high values ofM it will approah a Gaussian.A theoretial �22M urve (omputed with no free parameters) mathes very well to the data.With on�dene that the method is working as expeted, we an now proeed with a searhfor very weak signals, using the ombined data from all of 1997.F.7 Sensitivity and Upper Limit Statistis
F.7.1 Theoretial detetion thresholdFor a �2 distribution with a large number of degrees of freedom, approximations exist [116℄for omputing not only the probability urve itself but also the power P0 suh that:

probability(P�22M > P0) = Q(P0) = C
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Figure F.2: Above: Run 46, File 1 and its separation into segments. Two segmentsare rejeted due to spikes. Below: Run 43, File 1 and its separation into segments.Two segments are rejeted beause of glithes, and a third segment is rejeted due toa spike.
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Figure F.3: Summed power spetrum of M=1 segment (top), and its distribution ofpowers (bottom). The smooth urve is the �22M expetation.
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Figure F.4: Summed power spetrum of M=25 segments (top), and its distribution ofpowers (bottom). The smooth urve is the �22M expetation.



193where C is a on�dene level for power exeeding P0.Without looking at the data, but theorizing a �22M distribution of noise powers and the abseneof any signal, one an ompute a detetion threshold power for a on�dene level C (say, 90%, orC = 0:90). This is de�ned (following the terminology of [123℄) as the power whih will be randomlyexeeded by noise in only (1�C) of experiments. For just one bin of frequeny, the detetion thresholdis merely the solution to:
probability(P�22M > Pdet ) = Q(Pdet) = 1� C

A power spetrum, however, has Nf independent bins of frequeny, any of whih ould by hanehave a high power. A detetion threshold for a power spetrum, therefore, must be omputed fromthe probability that any of the bins exeed the threshold:
probability(P�22M > Pdet) = 1� (1�Q(Pdet))Nf = 1� C

If the on�dene level is high and Q(Pdet) is small, we an apply a binomial expansion here and get:
1� C = 1� (1�Q(Pdet ))Nf = 1� (1�NfQ(Pdet ) +O(Q(Pdet)2):::

C = (1�NfQ(Pdet))
Q(Pdet) = 1� CNfF.7.2 Signal power upper limit from dataWhat if a signal is present? Although it is tempting to treat the bakground and signal simplyas additive, [123℄ warns that this is not orret. In the presene of both signal Psig and a white noisebakground, whih together add up to a total power Ptot , the probability distribution of Ptot in anysingle bin is derived in [119℄ and given by:

pM (Ptot ;Psig) = (Ptot=Psig)(M�1)=2 exp(�(Ptot + Psig)=2)IM�1(pPtotPsig)where IM�1 is a modi�ed Bessel funtion. Although a ompliated expression, at high values of Mthis an be approximated by a Gaussian with mean 2M + Psig and a variane 4M + 4Psig . This an
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Figure F.5: Shapes of the distribution funtions pM (Ptot ;Psig) for noise and signal, forM = 10 and for four di�erent values of Psig .



195be seen in Figure F.5, in whih this ompliated funtion is omputed for M = 10 and a variety ofdi�erent Psig .Notie that even at high M , the result is still not simply additive; if it were, the varianewould be 4M + 2Psig .Now that we know how the probability distribution depends on Psig , we an ompute an upperlimit on Psig for all independent bins of frequeny. Assuming that the signal will produe a powerexess in only one frequeny bin, we strive to ensure that our upper limit power is very likely (withon�dene C of, say, 90%) to be visible above even the highest power level present in the noise Pmax .Thus, the upper limit signal power is the solution Psig to:
probability(Ptot > Pmax ) = C

where Pmax is the largest observed power of all frequeny bins in the data. In this equation, C isgiven, as is Pmax . The unknown in the equation, Psig , is embedded in the shape of the probabilityfuntion in a omplex way, making it diÆult to solve for. Fortunately, if we an approximate thefuntion by a Gaussian (with mean � and variane �2 that depend on Psig as desribed above), it ispossible to disentangle Psig in the following way:
probability(Ptot > Pmax ) = C

QG�;�2 (Pmax ) = C
Q�1G�;�2 (C) = Pmaxp�2Q�1G1;1(C) + � = Pmax

p4M + 4PsigQ�1G1;1(C) + 2M + Psig = Pmaxwhih is quadrati in pPsig and an be solved as a funtion of C, M , and Q�1G1;1(C). This lastquantity is the inverse of Q(P ), the power whih will be exeeded (C)% of the time, for a Gaussiandistribution with unit mean and unit variane, whih is easily omputed from the tables in [116℄



196M Threshold Pdet Sensitivity Psig Psig=M1 19.8325 98.87 74.43 2.98100 287.57 126.12 1.261000 2255.80 349.98 0.3507435 15550.99 915.23 0.123
Table F.2: Sensitivities for di�erent M 'sF.7.3 Theoretial signal sensitivityTo ompute an expeted signal sensitivity from theory only (rather than an upper limit fromdata), apply the same method only use the detetion threshold Pdet instead of Pmax [123℄. Computingthe theoretial sensitivities for di�erent values of M (Table F.2), it beomes evident why there is anadvantage to summing the power spetra of many independent segments: the signal power sensitivityper segment beomes muh more onstraining.F.8 Signal power and amplitudeTo onvert a Fourier power upper limit into upper limit on a signal amplitude, it is neessary�rst to make some assumptions about what the signal would look like. In the ase of pulsed orosillating neutrino emission from astrophysial soures, no good model for pulse shape exists, so weshall assume for simpliity (following [122℄) a sinusoidal pulse shape:r(t) = r0 +A sin(!t+ Æ)where r0 is the mean ount rate of the noise (in units of PE's/OM/se), and A is the amplitude (also inunits of PE's/OM/se) of a sinusoidal modulation. A real pulsing soure would not produe positiveand negative photoeletrons, of ourse, but rather would osillate between 0 and 2A. This di�ersfrom the above formula only by the addition of A, whih for weak signals is very small ompared tor0 and an be ignored. The average number of PE's ontained in the pulsations, therefore, is also A.Leahy et al. ([122℄) go through the derivation of how this signal is manifested in a Fouriertransform; it is not as simple as one might expet. The sinusoidal shape is ontorted by binninge�ets, a \di�ration term" appears in the Fourier power in the signal's frequeny bin j, and the �nalanswer (re-derived for our de�nitions and normalization) is frequeny-dependent:< Pj >= 0:773M (AT )22N�2 sin2(�fj=2fNyq)(�fj=2fNyq)2



197So when we �nd an upper limit power P , whih is valid for all frequeny bins, we an transform thisinto an amplitude upper limit by inverting this equation:
A = 1:61rPN�2M 1T (�fj=2fNyq)sin(�fj=2fNyq)Figure F.6 demonstrates these equations for \fake" data: an arti�ial sinusoidal signal isintrodued into otherwise normal data, and the Fourier peak appears at the orret plae with theorret amplitude.F.9 Results and DisussionAll available data from 1997, exluding segments ontaining glithes and spikes, and \leftover"setions of data at the end of a run not �tting niely into 212 bins, onsists of 7435 segments of211 seonds eah, a total of 176.2 days. Eah segment was Fourier-transformed, and all transformssummed together. The resulting power spetrum is shown in Figure F.7. It is not ideal white noise:there is both a steep delta-funtion-type struture at very low frequenies (due to non-zero meane�ets) and a gentle exponential omponent, the ause of whih is not known.To searh for periodi signals (appearing as spikes in the Fourier spetrum), we must �rstremove the delta-funtion and gentle-exponential omponents of the spetrum, even though theirorigins may not be fully understood yet. A onstant plus two exponentials (one gentle, one steep)are �t to the total power spetrum (the smooth urve in Figure F.7). The two exponential �ts anthen be subtrated to give the white noise omponent only. The distribution of powers of this white-noise-only power spetrum (adjusted for the hange in overall normalization when subtrating theexponentials) is ompared in Figure F.8 to the expetation of a �2 distribution with 2�7435 degreesof freedom.A periodi signal, if it existed, would produe a spike in Fourier spae, and a frequeny bin withan unusually high power. In the data, the highest power appearing in any bin is 14652.5 (renormalizedslightly to 15421.0 in the removal of the exponential omponent). So, a 90% on�dene level signalpower upper limit PUL is the power that (when ombined with the noise) would produe a totalpower greater than Pmax in 90% of experiments. For this data, PUL is omputed to be 783.415(un-renormalized to 744.37).
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Figure F.6: Upper plot: Fourier spetrum of a normal run. (102 summed segments:average ount rate 896.7 Hz, T = 2048 seonds, and normalization N�2 = 92000 foreah segment.) Lower plot: the idential run, but with an arti�ial sinusoidal signaladded, with amplitude A = 0:5 at a frequeny of 0.1938 Hz. The resulting signalamplitude is as predited by the equations.
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Figure F.7: Summed power spetrum of all 1997 data
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Figure F.8: White noise omponent only of the 1997 power spetrum for M=7435 seg-ments (top), and its distribution of powers (bottom). The smooth urve is the �22Mexpetation



201To translate this power upper limit into a sinusoidal signal amplitude upper limit, we applythe equations in Setion 8 to eah bin of frequeny. At the Nyquist frequeny, the di�ration termapproahes �=2, and at low frequenies it approahes 1. Therefore, the amplitude upper limit for allof 1997 (PUL = 744.37, r0 = 880.5, N�2 = 91220) is:Amplitude (PE/OM/s)low frequenies 0.0751high frequenies 0.118This limit, of ourse, assumes that the neutrino signal is a purely sinusoidal one, and is onstantin amplitude over all of 1997.The next step is to onvert photoeletrons per module per seond into a limit on the ux oflow-energy neutrinos from a pulsing soure in the sky. This is diÆult, however, sine there are nomodels for neutrino pulsations and no known neutrino point soures. However, just to put the limitin perspetive, we an take a few guesses.F.9.1 Supernova-like soureA single supernova explosion at the enter of the galaxy, emitting neutrinos with energy ofa few MeV, is expeted to produe 100 PE's/OM/10 seonds in AMANDA [121℄. Though no suhobjets exist, onsider a hypothetial pulsing soure with the same supernova-like neutrino spetrum.Further suppose that the total neutrinos produed by the soure (whih produe 100 PE's/OM total)are spread uniformly over 170 days (1.5E7 seonds) instead of 10 seonds. Suh a soure wouldprodue 0.0000067 PE's/OM/se in pulsations. This is four orders of magnitude below our upperlimit.F.9.2 Gamma-ray signal from a pulsar-like sourePulsations have been found in some objets in x-rays and even gamma-rays. This analysisould be sensitive not only to exess photons from neutrinos, but also from high energy gamma-rayshowers. The Vela Pulsar, for instane, is expeted to produe 100000 muons from gamma rays whihpenetrate to AMANDA depth per year in a km3-size detetor.[120℄ Resaling this to AMANDA-B10size, this is approximately 1000 muons per year. Assuming eah muon produes an 25-hit event(0.1 PE's/OM), this auses a net exess over all modules of 100 PE's/OM/year, a number similar to



202the expetation for the \supernova-like" soure above. Again, this is four orders of magnitude belowthe upper limit.F.9.3 Weird Stu� (osmi strings, extraterrestrial ommuniations, et.)In this regime, of ourse, there are very few rules and absolutely no data. So onsider, justfor fun, an alien ivilization apable of produing a beam of neutrinos with a ux suh as we anahieve in the present day from a muon ollider. [118℄ predits a harged-urrent event rate of 105events/kton/year for a detetor 10000 km downstream of a 200-GeV muon ollider. The neutrinoswould have energies of tens of GeV. Resaled to AMANDA-B10, this is about 20 events/se, eahof whih auses 0.01 PE's/OM, resulting in a signal of 0.2 PE/OM/se. Further suppose that thisbeam was expetantly aimed at Earth, from a distane away D; we need to orret for the distaneby a fator of (10000 km)2=D2. A neutrino signal from the nearest star would need 20 orders ofmagnitude greater intensity to reah our upper limit.If, however, we disregard the dispersion of the neutrinos aross the vastness of spae andonsider a perfetly-ollimated neutrino beam of similar amplitude, then the signal is on the sameorder as our upper limit. Perhaps with further re�nement in the analysis, this model an be ruledout.


