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Abstract.  The Soudan nucleon decay programme consists of Soudan I, a 30-ton
tracking ionization calorimeter at a 1700 mwe depth, a 100400 McV charged par-
ticle test beam at Argonne National Laboratory, and Soudan II, a 1000 ton tracking
ionization calorimeter at & 1800 mwe depth. Soudan 1 has been fully operational
for 26 days giving a lower Jimit on the nucleon lifetime of >2 X 10 years and an
upper limit on monopole flux of «<1.8 X 10-¥/m?® Sr d. The test beam data gives
a Scudan I energy resolution of about 25%; for electrons and muons in the appro-
priate encrgy range. Soudan J1 has been proposed and awaits funding. -
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1. Introduction

Faced with the challenge of investigating nucleon decay to lifetimes of 10°* to 105
years, our group adopted the approach of proceeding in stages. Possible difficulties
with such an experiment could arise from the construction and operation of a large
particle detector underground, unexpected cosmic ray backgrounds at the sensitivi-
ties probed, and the recognition of nucleon decay products as distinguished from the
backgrounds. Our programme consists of building a 30-ton prototype detector,
Soudan I, which is now operational in the Tower-Soudan mine, instrumenting a
test beam of 100-400 McV charged particles at Argonne National Laboratory,
which has been used to investigate the prototype detector, and building a 1000-ton
detector, Soudan I1, which will also be located in the Tower-Soudan mine and will
be expandable. if mecessary. This paper reports the first month of running of
Soudan I in its final configuration.

2. The site

- The Tower-Soudan iror mine is the deepest in Minnesota and is operated by the
State of Minne ota as an underground park. The mine is 160 km north of Duluth,
the nearest major city, and 370 km north of the University of Minnesota in Minnea- i
polis. The Soudan I detector is at a depth of 700 m or 1700 mwe. Soudan I will be '
at 1300 mwe. The flux of cosmic ray muons through Soudan I is 128/hr. This flux
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is low enough not to cause any rate or background problems in the detector while
being sufficient to monitor the efficiencies of individual elements of the detector.

3. Soudan X

Thosz responsible for bnilding, testing, and maintaining Soudan I are: J. Bartelt,
J..Blazey, T. Copié, H. Courant, D. Feyma, S. Heilig, K. Heller, S. Heppelmann,
M. Hirsch, H. Hogenkamp, C. James, T. Joyce, X. Li, S. Malloi, M. Marshak, B.
Neace, J. Osen, N. Pearson, E. Peterson, J. Povlis, K. Ruddick, M. Shupe, D. Wahl,
and D. Wicks, of the University of Minnesota; and D. Ayres, J. Dawson, T. Fields,
D. Jankowski, and E. May of Argonne National Laboratory. This detector is a
tracking jonization calorimeter which, as well as being a tool to investigate technique
and background, has sufficient resolution and containment to obscrve nucleon decay
if the lifetime is less than 10° years. The Soudan J detector has been described in
detail elsewhere (Courant ef al 1979; Marshak 1980; Shupe 1981) and is shown in
figure 1. The mass is supplied by iron loaded concrete (a taconite-concrete mixture)
cast in slabs around thin walled steel proportional tubes. Each slab is 32 cm wide,
4 c¢m high, and 29 m long with 8 proportional tubes of 2:7 cm diameter running the
length of the slab. The slabs are stacked to make an array 29 mx 29m x 1-9m.
All of the 3456 proportional tubes are horizontal, with cach layer perpendicular to.
the preceding one. The gas for the proportional tubes is a mixture of 919, Ar and
9% CO, which is safe for mine use. This gas is pumped through fhe entire detector,
purified, and recirculated. The detector is covered on the top and sides by plastic
scintillation counters as shown in figure 2.

The signals from the proportional tubes are processed by the electronics shown
schematically in figure 3. The electronics allows us to determine which tubes a

" charged particle ‘crossed, the pulse height of each signal, and the time the signal

1.9

pro, artional

fubss . . . .

. _Figure 1..(a) A section of the Soudan I detector array. Alternate layers of pro-
“portional tubes are at right angles so that in odd numbered layers the tubes give East-
West position information and ir even numbered layers the tubss give North-South
position information. (b) The geometry of a single slab of the 432 slabs which make
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Figure 3. A functional diagram of the major clectronics for Soudan 1.

arrived. The same information is also available for each of the scintillation counters.
Whenever tubes are hit in 3 out of any 4 contiguous layers within 1 p sec and the
event contains at least 5 hits, the computer records the event. Each event is essen-
tially a series of snapshots of the detector from 125 nsec before the event to 7 g2 sec
after the event in 125 nsec frames. These events are written to disc by our computer.
A ftelephone link to the computer allows us to monitor the detector and sample
the data. Full discs are taken to the University of Minnesota for event reconstruc-
_tion and analysis.

The following sample of events is presented to demonstrate the capabilities of the
Soudan I detector. Figure 4 shows a typical event, a muon, from our on-line event
display. Pulse heights, represented by numbers at the positions of the hit tubes,
- have not been corrected for path length through the propomonal tubes or amphﬁcr
.gain variations. "The alternate perpendicular layers give the two views of the event
"which can be used for three dimensional reconstruction. Figure 5 shows the worst
type of event for this detector. Because of the spacing between the proportional
tubes the detection cfﬁclency is lowest for vertical tracks. Even in such an extreme
case however there is no difficulty in recognizing a muon. The observed angular
distribution of muons is shown in figure 6 and includes some large angle muons such

as figure 7. . o . o
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Figure 4. A typical single muon event in the Soudan I detector. The two views
represent the alternate layers of the detector array. Ths numbers rcpresent the un-
corrected pulse height of the signals.

A stopping pt can be recognized by its decay g > evv characterized by a lifetime
of 2-2 psec. This decay is signalled by a delayed hit near the end of the muon track.
Figure 8 shows a time distribution for 25 stopping muons from a subset of the data.
The distribution is consistent with the measured muons lifetime and demonstrates
our ability to identify muon decays. ; ~

Multiple muons have also been observed in the detector. Figure 9 shows 2 typical
two muon event while figure 10 shows a much less frequent 6 muon event. The
multiple muon tracks are parallel within the resolution of the detector indicating an
atmospheric origin. The frequency of multiple muons passing through the Soudan ¥
detector in 26 days is given in Figure 11.

It is the interactions of muons which we are carefully studying to determine the
background for various types of nucleon decay detectors. Figure 12 shows a muon
initiated electromagnetic shower while figure 13 is 2 muon interaction with discrete

e
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i track illustrating the weakness of the detector for small angle
f:!aggc: E:i'he“‘tr:::lll(o:assescthroush several layers between tubes in the odd layers giving
a missing section of the track. This weakness however causes no difficulty in muon

identification and rejection.

charged particle products. These figures also illusgrat.te that muon interactions can
give rise to products emerging at large angles to the incident track. Events with large
angle secondaries could be a background for water Cerenkov detectors. A'nother
possible background for all detectors can arise from a n-cutral hadron entering the
detector and interacting or, in the case of a kaon, dccaymg: These neutral hadrons
could be generated by muons interacting in .the r9ck. anu.re 14 shows a muon
clipping the corner of the detecior in coincidence with a contained event well sepa-
rated from the muon track. Figure 15 shows a2 muon track through the detector
in coincidence with an isolated “V . One can calculate the mass of the neut.ral
'parcnt from the range of the charged particles making up the “ V> and the opening
angle. Assuming both charged particles are pions, the mass of the parent is consis- .
tent with that of a kaon. Because our pattern recognition programmes are still

P.S.—10
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Figure 6. ‘The polar angle of muons detected in SuodanI. The angle from the vertl-
cal is measured in degrees.
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Figure 8. Number of stopping muons with a delayed hit near the cnd of the track versus
the delay time of that hit. The distribution is characteristic of the muon lifetime.
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Figure 10. A six muon event in Soudan I. ‘Three of the muon tracks appear close
together in the view shown by the cven niimbered layers but are well separated in

perpendicular odd layer view.

in a primitive state for complicated events we cannot, at this time, quote rates for
these processes..

Finally, we have not detected any contained event originating from a 10-ton fidu-
cial mass in the centre of the detector. This gives a lower limit on the nucleon life~
“time of 2 % 102 years at a 90 % confidence level for nucleon decays into two or more
particles resulting in charged products from our first 26 days of running. As our
pattern recognition programmes improve we expect to ircrease the fiducial mass of
the detector by about a factor of two. :

We have also not detected any slow, penetrating, ionizing particles with velocities
10~% < B < 10-2. This puts a limit on the flux of such particles, presumably mono-
poles, of < 18 X 10-*/m* Sr d at the 90% confidence level compared to the
published limit of < 3 x 10-%/m* Sr d Ullman (1981). The published limit was

also achieved using proportional counters and presents arguments as to why scintil-
lation counters may not be efficient monopole detectors. -
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Figure 11. The number of multiple track muon events seen in Soudan I in 26 days.
Th‘lz pumber in parentheses by cach point is the relative frequency. Note the broken
scale.

4. Test beam

Modules of the Soudan I detector were exposed to both a positive and a negative
test beam at Argonne National Laboratory. The beam momentum was varied from
100-400 MeV/c and the particles were identified by time of flight. Figure 16 is a2
typical {ime of flight spectrum for the 250 MeV/c negative beam. Figure 17 gives
the measured energy resolution of the Soudan I detector for electrons and muons.
The energy of the electrons was determined by the number of proportional tubes hit
while muon energy was determined by range. Electrons are easily distinguishable
from other particles by their electromagoetic shower. Our analysis of these
exposures is continuing. . '
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Figure 16. A representative time of flight distribution for the 250 MeV/c negative
test beam at Argonne National Laboratory. The units of the horizontal axis are
arbitrary but the size of a 1 nsec bin is shown. The pion peak has ¢ = 200 p sec.
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Figure 17. Energy resolution of the Soudan I detector 25 determined by the Argonne
test beam. (a) For electrons the encrgy is calculated from the number of propor-

tional tubes hit in the electromagnetic shower. . (b) For muons the energy is cal-
culated from the range of the strajght track. )
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" Figure 13, A comparison of the single hit resolution of the Kolar apparatus,
Soudan I and Soudan I1,
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Figure 19, One view of a Monte-Carlo p -+ et #* decay. (a) As would be observed
with Soudan I. (b) As would be observed with Soudan II.
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5. Soud:m II

To build Soudan II, the Minnesota and Argonne groups have been joined by Oxford.
The Soudan II group is now H. Courant, K. Heller, S. Heppelmann, T. Joyce,

M. Marshak, E. Peterson, K. Ruddick, M. Shupe from the University of Minnesota,

D. Ayres, K. Coover, J. Dawson, T. Fields, N. Hill, D. Jankowski, E. May, L. Price
from Argonne National Laboratory and W. Allison, C. Brooks, J. Cobb, D. Perkins,
and B. Saitta from Oxford University. This detector is described in detail elsewhere
(Bartelt ef al 1981). Soudan II will be a 1000-ton tracking jonization calorimeter
consisting of iron plates and drift modules. For comparison the resolutions of the
Kolar detector, Soudan I and Soudan II are shown in figure 18. Figure 19 shows a
Monte-Carlo generated event, p -> e* #%in Soudan I and the same event with the
much finer resolution of Soudan II. In addition to the bubble chamber quality of
the Soudan II event pictures, directionality and particle identification can be reliably
achieved from the track geometry and ionization. We hope to begin construction
of Soudan II by the beginning of 1983.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



