
tration in South Pole ice occur at approximately 1,000 in
approximately 2,600 m. We estimate that the scattering length
for dust at 1,500 in 	be about 20 in 	will not significant-
ly distort trajectories of Cherenkov photons.

Future plans

K
nowing that the absorption length is approximately 60 in
nstead of 25 m, we will increase the dimensions of the

remaining portion of AMANDA so as to measure trajectories
more accurately and improve up-down discrimination. Dur-
ing the next drilling season, we will drill six holes to depths of
approximately 1,700 in 	with lateral spacings between
holes of 50 to 60 in of 30 m. Each string will contain 13
optical modules with a vertical spacing of 20 m. The effective
volume of the pentagonal cylinder plus central string will be
approximately 107 cubic meters, nearly an order of magnitude
larger than that in the original plan. With the larger spacing,
the threshold for muon detection will be a factor of approxi-
mately 5 higher than for the compact design.

Achieving a volume of 1 km 3 in South Pole ice now
appears feasible. The optimal vertical size and depth of this
future observatory will depend on drilling economics, atten-

uation in cables, and depth of disappearance of bubbles.
One attractive scheme for the horizontal configuration is to
surround a central AMANDA six-string "supermodule" with
two concentric rings of identical supermodules at radial dis-
tances of 250 and 500 in the central supermodule. With
an increase of the string length from 200 to 800 m, the total
number of phototubes will be 4,590, and the effective vol-
ume will be approximately 1 km 3 . A rough estimate of the
total cost for the 90 holes, equipment, and deployment, is
$50 million.

This research was supported by National Science Foun-
dation grant numbers OPP 92-15531 and PHY93-07420.
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South Pole air shower experiment
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S
ince February 1994 the South Pole air shower experiment
(SPASE) (Beaman et al. 1993) has been running in coinci-

dence with four strings of the antarctic muon and neutrino
detector array (AMANDA) experiment (Lowder et al. 1993;
Miller 1993) that were deployed during the 1993-1994 austral
summer. The air shower array consists of 16 scintifiator detec-
tors, each of 1-square-meter area, on a triangular grid with 30-
meter (rn) spacing. In addition, there are eight guard ring
detectors on an approximately 80-m radius, which are similar
in size and construction, except that they lack the fast-timing
capability of the central detectors. When the surface array is
triggered by a cosmic-ray cascade in the atmosphere, a signal
is transmitted some 800 in a cable to alert the electronics
in the AMANDA central station to read out its data. The
AMANDA data for each event consist of a list of tubes that fired
during the 8-microsecond window opened by the SPASE trig-
ger together with the time and duration of the signal in each of
the 73 operating AMANDA phototube modules that fired. Each
AMANDA string has 20 phototube modules at 10-rn intervals
from 800 to 1,000 in 	the surface of the polar ice cap.

The coincident events are caused by atmospheric cas-
cades generated when an ultra-high-energy cosmic-ray parti-
cle (proton or heavier ionized nucleus with energy more than

several times 1013 electronvolts) interacts high in the atmos-
phere. The surface array responds primarily to the many elec-
trons and positrons in the shower front; the shower front
propagates somewhat like a 1-rn thick pancake through the
atmosphere nearly at the speed of light. The shower front is
perpendicular to the direction of the incident cosmic ray, and
that direction is reconstructed from the timing pattern of the
SPASE detectors. The electrons and positrons are absorbed by
a few meters of snow, but the core of the shower, which con-
sists of energetic mu-mesons, penetrates deep into the ice. If
the shower is pointing toward the under-ice AMANDA detec-
tor, those muons should be seen by the AMANDA phototubes.

The figure shows data taken by Simon Hart and Tim Miller
during 2 days of testing in February at South Pole. The first
panel shows essentially all events. These are mostly acciden-
tals—random noise in one or two modules within the time
window opened by the SPASE trigger. Since most showers that
trigger the surface air shower array do not point toward AMAN-

DA, we do not expect to see a true coincidence most of the
time. The second and third panels show the angular distribu-
tion of events in which more than 2 and more than 5 modules
in AMANDA fired during the window opened by SPASE. The
peak around the aziumthal angle of 120° (the direction from
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SPASE to AMANDA) is the sample of true coincidences that
emerges from the background of noise events. The remaining
background level in the second and third panels is what is
expected given the noise rate in the AMANDA modules.

There are two reasons to study coincidences between
SPASE and AMANDA. One is to help in the calibration of
AMANDA, which is designed to detect upward-going muons
generated by interactions of neutrinos in the ice below the
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detector. The primary goal of AMANDA is high-energy neutrino
astronomy—the search for neutrinos from the deep interior of
distant astrophysical sources such as Active Galactic Nuclei.

The second reason for studying the coincidences between
SPASE and AMANDA is that the coincident events are interest-
ing in their own right. In the energy range above the threshold
of SPASE, the intensity of the cosmic radiation is so low that, at
present, it can be studied only with ground-based detectors of

large area exposed for long periods. We would
like to know the energy spectra and the relative
intensities of the various major components of
the cosmic radiation in this energy region in
order to discriminate among theories of the ori-
gin of cosmic rays. For example, different types
of supernovas would be expected to accelerate a
different mix of nuclei depending on the envi-
ronment into which they explode. A simultane-
ous measurement of electrons at the surface and
energetic muons deep underground has some
sensitivity to the relative fraction of heavy nuclei
in the cosmic ray beam. AMANDA as a muon
detector in coincidence with an air shower
detector has one advantage over almost all exist-
ing surface-underground detectors: it has
enough area at its depth to intercept the whole
muon bundle for showers with trajectories
through the central part of the array. Although it
cannot reconstruct the exact number of muons
in each event, the signal does reflect the number
of muons in the shower well enough to be sensi-
tive to the primary composition.

Because it is desirable to study coincident
events up to energies beyond 1016 electronvolts,
and because the present SPASE array saturates
below this energy, the SPASE group has
designed a new array which will be deployed at
South Pole during the next two seasons. Like the
present array, SPASE-2 will consist of detector
stations separated by 30 in a triangular grid.
Each station will consist of a cluster of five scm-
tillator detectors, each viewed by its own photo-
tube. In this way, the dynamic range of the
detector can be increased by a factor of 10 over
the current array. In addition, the array will have
30 stations instead of the present 14, making its
total area more than twice the present array. The
new array will continue to be used for ground-
based gamma-ray astronomy as well as for the
cosmic-ray experiment, which is its primary
aim. The original SPASE array was designed for
gamma-ray astronomy and has successfully set
new limits (van Stekelenborg et al. 1993) on
Southern Hemisphere sources of ultra-high-
energy gamma rays from sources such as
SN1987A and certain x-ray binary stars.

The South Pole Air Shower Experiment is a
joint project between the Bartol Research Insti-

A. The phi distribution of all SPASE events over a 36-hour period with zenith angles of
between 30° and 60°. B. The same distribution but only those SPASE events in which
three of more AMANDA tubes fired are plotted. C. Six or more AMANDA tubes must fire.
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tute/University of Delaware and the University of Leeds. Par-
ticipants in the project from Bartol are Paul Evenson, T.K.
Gaisser, Daniele Martello, Tim Miller, John Petrakis, and
Todor Stanev; participants from Leeds are John Beaman,
Simon Hart, Jeremy Lloyd-Evans, Paul Ogden, and A.A. Wat-
son. Miller, Petrakis, Hart, and Ogden carried out the
1993-1994 expedition.

This research was supported by National Science Foun-
dation grant number OPP 92-21665.
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A preliminary analysis of the University of California's
degree-scale anisotropy measurements of the

cosmic microwave background
JOSHUA GUNDERSEN, MARK Lim, and TODD GAIER, Department of Physics, University of California, Santa Barbara,

California 93106

nisotropy measurements of the cosmic microwave back-
round (CMB) provide an effective method for testing

cosmic structure formation models. In particular, degree-
scale anisotropy measurements can be powerful in constrain-
ing scenarios of large-scale structure formation and values of
global parameters in cosmic evolution models. These meas-
urements can also be used to discriminate between Gaussian
and non-Gaussian structure formation models. Over the past
6 years, our group has traveled to the South Pole to perform
degree-scale anisotropy measurements. The results from
these measurements are detailed in Meinhold and Lubin
(1991) and Meinhold et al. (1993) for our 1988-1989 measure-
ments (SP89) and in Gaier et al. (1992) and Schuster et al.
(1993) for our 1990-1991 measurements (SP91). We report
here on our most recent measurements, which were made
during the austral summer 1993-1994 (SP94) at the Amund-
sen-Scott South Pole Station.

All of the SP94 observations used the advanced cosmic
microwave explorer (ACME) which is a 1-meter Fl off-axis
Gregorian telescope (Meinhold et al. 1993). During these
observations, the nutating ellipsoidal secondary oscillated
sinusoidally at 8 hertz with a peak-to-peak throw of 3 0 on the
sky. The receiver signals were then phase-synchronous
demodulated using a "square wave" lock-in amplifier, which
gave a maximum sensitivity to signals separated by 2.10 on the
sky.

The 26-36 gigahertz (Ka-band) receiver is very similar to
the receiver shown in Gaier et al. (1992). This receiver incor-
porates a very-low-noise, cryogenic high- electron-mobility

transistor (HEMT) amplifier (Pospieszalski et al. 1990) built at
the National Radio Astronomy Observatory (NRAO). The full
10-gigahertz (GHz) band is multiplexed into four channels,
each with 2.5-GHz nominal bandwidth. This band subdivi-
sion is used to compensate for gain variations across the full
band and to obtain spectral information that can be used to
discriminate between the various astrophysical foregrounds.
The beam profile of the telescope can be estimated as a
Gaussian beam with a full width at half maximum (FWHM);
the Gaussian beam varied between 1.4 0 for the highest fre-
quency channel to 1.80 for the lowest frequency channel.

The 38-45-gigahertz (Q-band) receiver, shown in figure 1,
uses a cryogenic HEMT amplifier, which is based on an NRAO
design and built at the University of California at Santa Bar-
bara. This amplifier uses an AlInAs/GaInAs/InP HEMT
(Pospieszalski et al. 1994) in the first stage of amplification.
This new InP-based HEMT technology, which provided for
the very-low (10-15 K) receiver temperature, requires signifi-
cantly less power than the GaAs-based HEMT amplifiers. As
with the Ka-band receiver, the Q-band system was multi-
plexed into three frequency bands with nominal bandwidths
of 2.3 gigahertz. With the addition of the Q-band receiver, our
frequency coverage has doubled from our SP91 results and
should allow for much improved foreground discrimination.
The beam size of the Q-band receiver varies from 1.0° in the
highest frequency channel to 1.2° in the lowest frequency
channel.

The observation strategy was constrained by terrestrial
foregrounds, astrophysical foregrounds, and previous obser-
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