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Abstract. We report on analysis of coincident observation
of air showers by the South Pole Air Shower Experiment
(SPASE) and the Antarctic Muon and Neutrino Detector Ar- AMANDABLO

ray (AMANDA). We emphasize the response of AMANDA 100 & . T
to muon bundles and the use of coincident events for calibra- 0+ N o N g
tion and survey of the deep AMANDA detector. This analy- o

-100 -
sis is confined to data taken during 1997 when both SPASE—lg !
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The presence of SPASE on the surface provides a set of 100 200 5 200 200 o 200
externally tagged muon bundles that can be measured by X (m)

AMANDA. Such measurements allow a study of the re-
sponse of AMANDA that is complementary to studies of the Fig. 1. Map showing locations of SPASE-1 and SPASE-2 relative
deep detector with atmospheric muons and neutrinos, interto locations of AMANDA-B10 strings at the surface. The origin
nal calibration sources and Monte Carlo simulations. In ad-of the AMANDA coordinate system is near string 4, and the plus-
dition it makes possible a muon survey of AMANDA optical Y direction is grid-north. Azimuth is measured counter-clockwise
module (OM) locations and ice properties that complementsfrom grid-eagt. Thus the center of SPASE-2 ig4t° and the center
internal assessments. of SPASE-1 is aB27".

Figure 1 shows a plan view of the physical configuration
of the three detectors in 1997, during which the data reportegyf 6000 and 16000 frespectively. The 302 OMs in B10
here were collected. That season was the first for AMANDA form an instrumented cylinder of ice approximately 400 m
B10 (Wiebusch for the AMANDA Collaboration, 2001) and high and 120 m in diameter. A line from the center of B10
the last for SPASE-1 (Smitlet al, 1989; Beamaret al.  tg the center of SPASE-2 has a zenith anglé25t The cor-
1993; van Stekelenboret al, 1993), which was removed responding angle to SPASE-126°. The combination of

in December, 1997. Having two surface arrays gave a uniqueither surface array with AMANDA constitutes a cosmic-ray
stereo view of the deep detector. In this paper we discusgetector with an acceptance of

the calibration and survey aspects of the SPASE-AMANDA
data. Analysis of coincident events to determine compositiong
is underway and will be the subject of a future publication. d?
where Ag is the area of the surface array add_p1g
is the projected area of B10 viewed from the surface ar-
2 The SPASE-AMANDA telescopes ray. The solid angles of the acceptance cones are small,

L AQ; ~ 0.0015sr andAQs ~ 0.005sr. Given the dimen-
Both SPASE-1 and SPASE-2 (Dickinsat al, 2000) are sions listed aboveAd; ~ 50m2sr and. A ~ 100m?3sr.

scintillator arrays on a 30 m triangular grid, enclosing areasrpase acceptances may be used to estimate the coincident
Correspondence tagaisser@bartol.udel.edu rate by multiplying by the cosmic-ray flux above threshold

AS cos B x A5_310

= AQ x As-p1o, 1)
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Fig. 2. Integral lateral distribution of muons at the depth of Fig. 3. Lateral distribution of 6 events with energies in the PeV
AMANDA for simulated proton (dashed) and iron (dotted) show- range as measured by AMANDA-B10.

ers. The plot shows the average number of muons at distances larger

than a given radius for the fouffso intervals described in the text.

The intercept at zero radius is the average muon multiplicity for that,,itn, & > 540 GeV at production can penetrate through it.
class of events. "

Since the lateral distribution of the muon bundles is deter-
mined primarily from the transverse momentum of pions at

for the air shower arrays, which become fully efficient above production 19'20 km aboye the 9“’“”0" the muon bundles
~ 200 TeV. The coincidence rate for showers above this en-8€ characterized by a typical radius-ef20 m at the top of
ergy is~ 103 Hz. B10 and~ 10 m at the bottom. About half of the muons that
The scintillator detectors of the surface arrays respond tJeaCh the tqp of B10 range out inside it. Simulations show
passage of charged particles, mostly electrons and positrorfg2t the typical number of muons per shower that reach the
and some low energy muons. The reconstructed particle derg‘apth of the centgr of AMANDA are respectlvgly 3 5 10
sity in the shower front at 30 m from the coigs() is used as and 15 for proton mducgd showers in the foigp bins listed
a measure of shower size. Timing of the arrival of the showerf"‘bove' Th.e corresponding numbers fpr shqwers generated by
front is used in the conventional way to reconstruct the ar-"" nuclei are a_factor 2-3 greater. S!mulatlon results for the
rival direction of each shower. With a 30 m grid spacing, the 2/€rag€ properties of muon bundles in AMANDA are shown

energy threshold for the SPASE arrays is about 30 TeV for" F19- 2 _ o
proton-initiated showers, but the angular resolution is poor For the study of muon bundles with AMANDA in coin-
near threshold. The of the direction reconstruction im- cidence with air showers measured by the surface array, it
proves to abou?® at Sso = 5 (~ 150 TeV for protons) and IS desirable to determine the trajectory of the event as ac-
to ~ 1° for showers with energy above 1 PeV (Dickinsein ~ Curately as possible. With & 2° accuracy of the SPASE
al., 2000). In our analysis we group events into four large direction reconstruction, using the direction assigned by the
bins of Ss0: 5 < Sap < 10, 10 < Sso < 25,25 < Sso < 50,  Surface array alone would lead to an uncertainty in locating
andS; > 50. The lowest-energy bin includes events with the trajectory at AMANDA comparable to the lateral extent
energies up to- 300 TeV, while the highest-energy bin is ©f the B10 detector itself. We therefore developed a method
roughly the region of the knee (1-10 PeV). that uses the ADC information in AMANDA to define a core
location at depth that is then connected with the SPASE core
location on the surface to determine the trajectory. Fig. 3
3 Muon bundles in AMANDA shows examples of the measured ADC lateral distributions
from light generated by six large muon bundles in AMANDA
High energy muons in the shower core with sufficient energyfor which the trajectories were determined with this com-
at production propagate down through the ice and are visibléined fit. Analysis is in progress to relate this information to
in AMANDA for showers with trajectories within the accep- the muon number and hence, in conjunction with the mea-
tance cone. The minimum muon energy required to reachsurement of the surface showers, to determine on a statistical
the top of B10 from SPASE-2 is about 370 GeV, and muonsbasis a measure of the primary composition up to and through
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Fig. 5. Muon survey of AMANDA B10 (view from SPASE-2).
Fig. 4. Muon survey of AMANDA B10 (view from SPASE-1).

1993) was also running. Because the threshold of GASP
the region of the knee. In the remainder of this paper we fo-for cosmic-ray showers is significantly lower than for the air

cus on calibration and survey aspects. shower detectors, GASP coincidences consist mostly of sin-
gle muons at AMANDA. These events therefore have differ-
4 Muon calibration and survey ent systematics from SPASE events. Coincidences from all

three independent experiments were used to check the point-
Most, but not all, AMANDA modules face downward, in ing accuracy of AMANDA. All agree with each other in the
keeping with its primary function as a neutrino telescope.average absolute pointing of AMANDA to within 1 to 2 de-
The detector nevertheless has good sensitivity to downwar@rees in sky coordinates. Using directions determined by the
events, which is presumed to be a consequence of photodurface detectors as calibration standards, the pointing of the
scattering in the refrozen hole-ice immediately surroundingAMANDA event reconstruction was determined to be accu-
the optical modules. Thus downgoing events can be used téate to within half a degree in azimuth. There appears to be a
calibrate the response of AMANDA to both downward and small systematic offset in zenith of abaut°. This is much

upward events. smaller than the size of the AMANDA point source search
bin of half anglex 6°. We note that these calibrations are
4.1 Absolute pointing of AMANDA for fixed zenith angles of 26° and~ 12°.

Because air showers that trigger SPASE typically containd.2 Muon survey of B10
several muons with sufficient energy to reach the depth of
AMANDA, the downward coincident events are in a different Two methods have been used to obtain a muon survey of
class from both single downgoing atmospheric muons andAMANDA module locations. Both start from the zenith and
neutrino-induced upgoing muons. The standard AMANDA azimuth of showers as determined by SPASE for events in
reconstruction method uses timing based on the assumptiowhich a particular OM in B10 is hit. In the first method, the
of a line source of Cherenkov light, i.e. the muon trajectory. fitted mean direction of events that trigger an OM is com-
For a muon bundle, however, the source of the light is intrin-pared to the direction from the geometric center of SPASE to
sically spread out over a typical diameter of roughly 30 m. that OM. SPASE triggers have a steep distribution in zenith
This difference is a potential systematic limitation. angle which biases the comparison when folded with the un-
A straightforward measure of the absolute pointing ac-certainty in the SPASE reconstruction. To remove this bias,
curacy of AMANDA is to compare the directions assigned we divide the angular distribution for all hits on each OM by
by the AMANDA reconstruction algorithm for coincident the angular distribution for all SPASE triggers. Fig. 4 shows
events with the directions assigned independently by SPASEhe result for the survey of B10 from SPASE-1 using this
During 1997, in addition to the two air shower arrays, the method.
GASP atmospheric Cherenkov telescope (Barbaglal, SPASE-2 is larger and closer to AMANDA than SPASE-1.
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Thus the approximation underlying the first method (that ev-
ery trajectory passes through the center of the surface array)-
introduces relatively bigger errors. We therefore adopted a
second survey method in which the expected direction for .
each event was taken as the direction from the shower core
at the surface (as determined by SPASE for the event) to
the OM position as determined from the AMANDA survey, ;
which consists of station survey, drill log data and internal W &
laser calibrations. For each OM the distributions of apparent ;| e 1
minus expected angle were fitted for zenith and azimuth sep- & @
arately. For SPASE-1 the results are indistinguishable from ‘
Fig. 4. The muon survey of SPASE-2 using this event-by- es
event method is shown in Fig. 5. The agreement with the ‘ <
nominal OM locations is withinv 0.5° in azimuth ¢~ 3 m R
laterally), and there is a ®®5ystematic offset in zenith (bot- 60 I
tom panel). Egcs
While the event-by-event method is better geometrically,
the trigger biases mentioned above in connection with the
steep zenith angle distribution have not been explicitly re-
moved (though the apparent-minus-expected distributions
for.ea(.:h OM are fitted to .a Gaussian plus a baCkgrounq:ig. 6. Fit relative attenuation length vs. depth (see text).
which is allowed to have a linear dependence on angle). To
study these effects, we performed the same survey with sim-

ulated data. Showers were generated with a modified versecond-order manifestation of ice properties that apparently
sion of MOCCA (Hillas, 1995) using QGSJET (Kalmykov reflects a bias for events passing above or below the mod-
et al, 1997) and SIBYLL (Fletcheet al, 1994; Engelet  jes depending on the clarity of the surrounding ice layers
al., 1999) as hadronic interaction models (also includingijn which they are embedded. The effect at present shows up
kaons as shower particles in MOCCA). High energy muonsmore sharply in the Monte Carlo than in the data. It should be
were propagated through the ice to the B10 detector and thgpssible to tune the treatment of ice properties in the Monte
AMANDA response was calculated. The simulations show carlo with this data—another illustration of the use of the

essentially no offset in azimuth, as expected, while the averspasg-tagged muon beam for calibration of AMANDA.
age0.5° offset in zenith is seen as in the data.
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