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Abstract DE88 002931

This paper is a status report of the Soudan II honeycomb drift chamber project. It
reports on the physics goals, present progress and future schedule of our experiment. It
also includes a discussion of the angular resolution of cosmic ray muons which can be
achieved in underground detectors, and in particular how to calibrate the resolution using
the moon's shadow in cosmic rays. This last point has relevance in trying to understand
the angular distributions in the reported observations of underground muons from Cygnus
X-3.1-2

1. Description of the Detector. The main characteristics of the Soudan II detector which
distinguish the detector are good spatial resolution for track points (4, 3, and 2 mm rms
in the three directions); modularity, which allows for ease of calibration, test, and repair;
ionization measurement, from which it will be possible to determine track direction for
most stopping tracks; 4TT coverage by an active veto shield which is constructed out of an
extruded double layer of aluminum proportional counters, and self triggering, which allows
a low energy trigger threshold (about 100 MeV kinetic energy for a charged track), /par
The detector is an iron calorimeter with high density (1.8g/cm3) which emphasizes dE/dx
measurement and excellent tracking. The detector has been described earlier. 3 In brief, it
consists of 256 identical modules with a total instrumented mass of 1.1 kton. Each module
consists of formed steel sheets which are stacked to make a honeycomb pattern of holes.
The array of holes is filled with resistive plastic (hytrel) tubes (ID=15 mm, OD=16 mm,
length = 1 m) enclosed in Mylar sheets lined with narrow copper strips running perpendic-
ular to the tube axes (a subassembly called bandolier). A negative 10 kV electric potential
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Figure 1: Gross section of a single drift tube. The drift field in the tube is 200 V/cm and
the drift velocity 0.8 cm/fxs.

is applied to the central of the 21 copper strips and successively lower voltages are applied
to the other strips, until the potential is zero at each tube end. This provides a uniform
axial drift field to transport ionization electrons from charged tracks along the full 50 cm
drift distance within the module. Drift electrons are detected at the ends of the tubes by
a system of vertical proportional wires and horizontal cathode strips. A cutaway view of a
single drift tube and wire is shown in Figure 1. Readout is performed on both the anode
wire and cathode pad, which are 0.5 cm apart. Full three dimensional readout is obtained
from the wire and strip locations and drift time digitization. In addition, the pulse height
and shape of each hit is measured with 6-bit flash ADC's. A detailed description of the
electronics is given in Reference 4.

A recent change in the design of the detector has been the addition of 0.5 mm of
polystyrene sheets between the Mylar and the steel. We found that large areas of Mylar
do not perform reliably at its rated dielectric strength, but the addition of the polystyrene
solved this problem.

2. Data from the Cosmic Ray Test Stand. A number of the modules have been tested
in two cosmic ray test stands set up at Argonne National Laboratory and at the Rutherford
Appleton Laboratory. Three triggers are used. A pulser trigger is employed which puts
a known amount of charge onto each preamplifier. This has been used to check out the
uniformity of the amplifiers, the performance of the data acquisition system, and the
software used to unpack the data. A second trigger is an internal one to detect the
ionization from jFe5S sources in the detector. The third trigger for cosmic ray muons is
made by scintillation counters placed above the top and below the bottom of the module.

The most sensitive indication that position measurement for charged particles is cor-
rectly being handled by the drift chamber and the reconstruction program is the distri-
bution of the residual between the location of the fitted track and the individual position
measurement. Some results from the cosmic ray test stand have been shown earlier.5 The
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rms x-residual (0.47 cm) and r. residual (0,3 cm) are well within the expected values, and
show that accurate three dimensional event reconstruction has been achieved. Figure 2
shows the distribution of average z residual for each of the 15,200 (half) tubes in one of
the tested modules. The slight asymmetry is due to very short delays associated with poor
electric fields in a small fraction of the tubes.

Achievement of pulse height uniformity requires that transmission loss with drift dis-
tance be minioal. The z (drift coordinate) dependance of pulse height is shown in Figure
3. For this module we experienced a 46% observed maximum loss of pulse height, com-
pared to a 30% loss expected from diffusion alone. Attenuation, which critically depends
on keeping Oxygen contamination low, will be monitored module by module and as a
function of time.

3. The Crossed Veto Shield Array. The veto shield construction and installation has
necessarily led the construction of the bulk of the calorimeter. The veto shields consist of
extruded aluminum channels with 2-mil diameter wires run at about 2400 volts, and use
a gas mixture of 90% argon and 10% CO2. A special crossed array of these modules has
been put in place for use both as a checkout of module performance, and in order to get
an initial measurement of a greater number of cosmic ray muons. It is a double crossed
array of 7m x 7m separated by 10 m. A track going through a tube in every layer would
strike eight proportional tubes. The segmentation of the electronics channels gives the
track position in each element of the shield to 32 cm. Singles rates have been measured
and do not give any significant background trigger rates. The array began operation in
April 1987, and is read out with a clock accurate to 2 ms. A composite of several tracker
events is given in Figure 4.

4. Track Reconstruction in the Drift Chamber. Figure 5 shows a cosmic ray muon from
the first instrumented set of modules (eight modules, called a half-wall, are a single unit
with respect to the electronics). Shown are the anode and cathode views read out by the
front and back loom of wire planes, plotted versus the drift time. Connection of the track



Figure 4: Composite ol several tuuons seen in fie veto shield tracker.

segments in the middle of a module, and in different modules, resolves the uncertainty
in the start time of the event. Matching the in-time hits from the anode and cathode
segments is seen to be unambiguous, leading to a full 3-dimensional event reconstruction.
Monte Carlo calculations have shown that we can reconstruct much more complicated
multi-track events by matching the pulses using pulse height and pulse length.

5. Capability to measure nuclcon decay. The other underground detector which is
most similar to the Soudan detector is the Frejus iron calorimeter. It is a tracking iron
calorimeter with about the same mass and fiducial volume. Advantages of the Soudan
II design are listed in Section 1, but the Frejus detector has had a considerable expo-
sure already. In 950 ton-years, the Frejus group report one neutrino-less proton decay
candidate.6 The difficulty in interpreting this event is due to the fact that there are two
possible vertices, and the possibility that this is a three or four prong event. We have
performed a Monte Carlo simulation of this event in our detector, assuming that all of the
the tracks are pions. This is shown in Figure 6. The extra information in the pulse height
measurements is apparent, and a rise in ionization at the end of the tracks is clearly seen.
We also achieve good discrimination between proton and pion tracks, which are possible
interpretations for the track at the lower left. We have generated randomly positioned
events, including Landau fluctuations and sampling fluctuations, assuming this track to
be a pion, and then a proton. Despite the small number of hits on this track (typically
four), there is a clear separation with 92% of the protons having a larger ionization.

6. ochedule. We are continuing to test modules in the cosmic ray test stand as they are
being produced. Tests are designed to ensure that the required uniformity and stability in
pulse height response is achieved. A test beam run at Rutherford Appleton Laboratory is
planned for 1988 using pious, electrons and muons in the range of energies expected from
nucleon decays. Also, we plan to place a. number of modules in a BNL neutrino test beam
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Figure 5: Three views of an underground muon event seen in the operation of the first half
wall of the Jatector. In the anode and cathode views, the pulse time is shown as a function
of channel number in the front and back loom of the drift chamber. The vertical line for
each hit represents total pulse height, and the horizontal line, the pulse width. The third
view shows the result of matching the anode and cathode hits along the drift direction.
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Figure 6: Anode view of a Monte Carlo simulation of the Frejus nucleon decay candidate.
Drift time is plotted against channel number in the anode view. This event occurred in
two modules.



in 1989 in order to study the detailed characteristics of background events to proton decay.
The Brookhaven neutrino beam has a spectrum similar to that expected from atmospheric
neutrinos. This neutrino exposure will help greatly in the reliability of the background
estimate for any proton decay candidate. For 30,000 neutrino triggers, we expect 1250
with strange particles, and 3500 with two or more pious in the final state.

The construction and installation of the Soudan II detector at the Soudan Iron Mine
in Minnesota is continuing. The first of 256 5-ton modules was operated in the mine in
October 1986. The first group of eight modules (a "half-wall") was turned on in March
1987. The present schedule for installation is limited by funding, but it is expected that
the detector will be completed during 1.990, but physics operation will begin in 1988.

7. Resolution in Underground detectors. The question of angular resolution from cos-
mic rays is important in trying to resolve the controversies relating to possible point sources
of Very High Energy and Ultra High Energy cosmic rays. These studies were originally
done with air shower arrays, placed on the surface of the earth, with angular resolutions of
a few degrees. In the last few years, these angular resolutions have improved, with the Los
Alamos Cygnus project achieving angular resolutions m good as 0.86° or 15 mr for events
with large shower size.7 Other new experiments are also emphasizing angular resolution
for photon induced air showery since the background from normal cosmic rays goes as the
square of the angular resolution which is achieved. The CASA array being built at the
Fly's Eye expects to achieve an angular resolution of 6 mr.e If muons are present in air
showers from cosmic ray sources, which would not be expected a-priori, they could be used
in a tracking muon detector in conjunction with an air shower array to obtain an angular
resolution as good as 2 mr,s

Underground experiments which detect muons have also been used to look for astro-
physical sources and two claims of muon signals from the x-ray binary Cygnus X-3 have
been reported.1'* One procedure which both experiments independently used, in order to
maximize the signal, was to open up the angular bin wider than their expected resolution.
There are three possible explanations for this. First it may be that the signals themselves
are both statistical fluctuations in the background. Another explanation is that the sys-
tematic angular uncertainties in each of the experiments or some other angular resolution
effect is widening the apparent angular distribution of the muons from their true direction.
A third explanation is that there is some new physics, not only in explaining how a particle
which creates muons gets here from Cygnus X-3, but which also leads to large values of
muon pt relative to the direction of the incident cosmic particle. Schemes for this last
possibility have been proposed.10

In the event that underground muons from cosmic ray sources are confirmed in future
experiments, it will be important to distinguish between the last two possibilities. Exper-
iments are able to survey the absolute orientations of their detectors with conventional
surveying techniques, and check their relative angular resolution using Monte Carlo simu-
lations and by looking at the divergence in multiple muon events. As the multiple muons
have a different energy spectrum than the single muon events, this last check needs to
be done carefully, because the multiple scattering is energy dependent. As a consistency
check, however, it is desirable to have another method to calculate the muon angular
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Figure 9: Search for moon shadow with muons seen in Soudan I. Shown are the angular
distribution of the data, and the expected shadow events using the Soudan I and Soudan
II resolution. The curve is the expected distribution given the Soudan I exposure and
angular resolution. With the same amount of time exposure, Soudan II would have 17
times the number of events.

resolution in a detector.
There are at least three effects which contribute to make the muon angle measured in

an underground detector different from the angle of a primary cosmic ray arriving from
a source. They are the pt of the cosmic ray secondaries, geomagnetic effects and multiple
scattering in the rock overburden. The first two effects are normally much smaller than the
third one. The multiple scattering in the rock depends on both the depth of the detector
and the energy distribution of the cosmic ray muons.

In order to study the angular resolution that we can achieve in Soudan II, we have
calculated the multiple scattering we would expect with a Monte Carlo program. We
used a sea level spectrum of E~3'n and energy loss due to ionization, pair-production
bremsstrahlung and nuclear interactions. A check of the program was made by comparing
calculated and observed depth dependance of the muon flux (Figure 7). It is seen that
at these depths, the average muon energy is increasing with increasing slant depth. The
average space scattering angle is plotted in Figure 8. At the depth of Soudan II, an angular
resolution from multiple scattering of 7 mr is expected. By cutting out those events with
the lowest energy, which have larger multiple scattering in the detector and a large sagitta
in the track fit, this resolution could be further improved to 5 mr.

This calculation agrees with an earlier analysis done with Soudan I multi-muon data,
which found for that detector an rms space angle resolution of 14 mr.11 For Soudan I, the
dominant contribution to angular resolution was due to detector geometrical properties,
particularly the cell size of 4 cm. The much better space point resolution of Soudan II will
allow us to reach a resolution dominated by multiple scattering.



Detection of the moon's shadow in the cosmic ray flux provides a method of checking
angular resolution in an underground muon detector. Primary cosmic rays should be absent
in the direction 0.24 (degree)2 centered on the moon. (Although the sun has an angular
size similar to the moon, the solar magnetic fields would wash out any solar shadow.12)
Figure 9 shows a search done with the Soudan I data for a shadow effect from the moon.
A detector with perfect resolution would see an absence of events in the 0.24 (degree)2

from the moon. With the measured Soudan I angular resolution folded in, a 2<r effect is
expected in the first three bins, while a Iff effect is seen. Soudan II, with the better angular
resolution shown, and 17 times the event rate, will clearly establish the effect. This will
be a strong test of the angular resolution, and if any astrophysical sources of muons are
detected, this will be a good handle on understanding the pt dependence of interactions
which lead to the muons,

8. Conclusion. Soudan H will have an experimental program which is complementary to
the other underground nucleon decay and muon detectors: 1MB, Kamioka, Frejus, Nusex,
KGF, Baksan and Homestake. In the field of proton decay, we can check certain modes
for which good limits have already been set, and set better limits on modes with strange
particles or multi-track topologies, such as /C+vM or e+w°. We will measure the normal
muon sec 6 effect, muon multiplicity distribution, and search for muons from high energy
v'^s interacting in the earth. With our contained neutrino sample, we can look for dark
matter from the sun and up/down neutrino oscillations. The detector is also well suited
to look for magnetic monopoles and also so-called Kolar events, which have vertices in
the gaps around the detector. And, with other detectors, we can continue to search for
astrophysical sources of cosmic rays, and the temporal dependance of any source that is
found.
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