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Soudan 2 is an 1100-ton honeycomb tracking calorimeter which is being constructed
to scarch for nucleon decay. The detector consists of finely segmented iron jnstrumented
with long drift tubes. and records three spatial coordinates and dE[dx for every gas
crossing. Excellent event reconstruction capability, particle identification and muon sign
and direction determination give superior rejection of the neutrino background to nu-
cleon decay in many modes. The first 620 tons of Soudan 2 are now in steady operation.
witl completion planned for 1992. Detector performance has been studied using cosmic
ray tracks and a charged test beam calibration. Results on detector performance and
detector response are described in this paper.
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1 Introduction

The Soudan 2 experiment is located in an underground laboratory 710 m. beneath Soudan.
Minnesota. The detector consists of an 1100-tou fine grained tracking calorimeter surrounded
on all sides by a two-layer active shield of proportional tubes. Its primary goal is to search
for nucleon decay in modes which may be dominated by neutrino-interaction background
in other experiments. It may also be used as an excellent long baseline neutrino oscillation
detector, in conjunction with a neutrino beam from the Fermilah Main Injector.

Tlhe large amount of information recorded for each event allows neutrino interac-
tious to be clearly distinguished from nucleon decay events in modes like p — ¥R+ and
for nucleon decay into three or more charged tracks. Although the 1100-ton mass limits
sensitivity to the 10?2 years level, its excellent background rejection could enable Soudau
2 to identify nucleon decay in modes which have previously suflered from requiring large
hackground sublraction.

The Soudan 2 experiment began contained event data acquisition with the first
gnarter of the main detector (275 tons) in July 1988. and has accumulated a total exposure
ol 0.34 fiducial kton-vear to date. The first 620 tons are now in operation. Corapletion of
the 1100-ton detector is planned for 1992,

The performance of the main detector calorimeter modules has been studied using
cosmic ray muon tracks, both on the surface and underground. Results of module perfor-
mance studies are presented in the paper. _

A charged particle test beam, at the Rutherford Laboratory ISIS accelerator. has
been used to study deteclor response to low energy particles. The test beam studies have
provided the energy calibration for electromagnetic showers and tracks, aud have measured
the ability of Soudan 2 1o identify muou charge and direction.

2 Detector Description

The completed Soudan 2 detector 1) will consist of 256 identical 4.3 ton calorimeter modules.
which are being constructed at Argonne National Laboratory and the Rutherford Appleton
Laboratory. The modules are placed in a rectangular parallelepiped 2 modules high x 8
modules in the east-west direction x 16 modules along the axis of the cavity {north-south
direction), yielding a dimension for the full detector of 5x8x16 m. This layoul is illustrated
in figure 1. .

Eacli module is composed of 240 layers of 1 x 1m x 1.6 nun corrugated steel
sheets interleaved wilh an insulated bandolic i assembly of I m long x 0.5 now thick x 15 man
diameter resistive Hytrel drilt tubes (sce figure 2). The insulation consists of two laver of
125 gem anylar, laminated together with long pockets to accommodate the drift tnbes, and
0.3 mm thick polystyrene inserts which are vacunm formed to fit the steel corrngation. The
steel sheels and the bandolier ave stacked up for 240 layers (2.5 ) to form 4.3 ton modules,
It doing this the baudolier is fanfolded back and forth with steel sheets interleaved. The
stack is then compressed with about 15 tons of foree. Each module is enclosed in a gas-tight
sheet steel enclosure consisting of welded sideskius Lo maintain compression and vemovable



covers o allow access to the wireplanes and stack faces.

The basic detection clemeut of the experiment is shown in figure 3. Tl is a resistive
(~ 4x10"?Q — em) plastic Uytrel tube (made by DuPont Corporation), one meter long with
an inner diameter of 15 mm and a thickuess of 0.5 mm. Each module consists of 7560 drilt
tubes. A linearly graded electric field is applied along it by 21 1.5 mm wide copper electrodes
(sce figure 2). These hiave a voltage of -9 £V al the middle of the tube and 0 V' at the two
ends. The resistive tube then grades the voltage between electrodes, creating a uniform axial
drift field of 180 volt/cm inside the tube. The tubes are filled with 85% argon, 15% C'O; and
0.1% of H,0 (from the plastic). When a charged particle passes through the tube it ionizes
the gas: the liberated clectrons then drift (with a velocity of 0.6 em/psec) up to 50 em to
the ends of the tube where they are collected and amplified on a 50 gm diameter anode wire
{gold plated tungsten).

The tubes are arranged in a hexagonally closed packed array as shown in figure 2.
The anode wires run vertically in a plane 10 mun from the tube ends and are spaced every
15 mm so that they are aligned with the centers of the tubes. Cathodes pads are connected
in horizoutal strips orthogoual to the anode wires 5 nim behind then, aud are aligued with
the tubes. Thus it is possible to identily which tube a signal came from, siuce the anodes
and cathodes provide a two-coordinate grid centered on the tube euds.

The Soudan 2 detector is read out by 16128 anodes wires and 30720 catliodes strips.
Signals from preamps on each wire and strip are bussed together in groups of 8 to reduce
the number of ADC channels. The resulting 5388 chanuels of ionizatiou signals are digitized
by G-bit flash ADC’s every 200 ns and stored in RAM's. This provides both a pulse height
profile of the signal and measures the drift time down a tube, thereby giving the = coordinate
of the hit. Therelore, three correlated spatial coordinates and a dE/dr measurement are
recorded for every charged particle crossing of a drift tube.

The raw data pulse patterns at the ADC iuputs are continuously compared with
progranmmable trigger conditions to detect localized clusters of hits iu the drift tubes. Since
every readout chanuel contributes equally, the trigger requirement is unilorm throughout
the detector volume. Elficiency is high for muons above 230 AMeV/c momentum and [alls
livearly to zero at 90 AMeV/c (for muons which do not have a visible decay). The electron
{shower) triggering threshold is about 50 A/¢V’. The rate of random triggers from natural
radioactivity is less than 0.5 Hz in the full detector under these conditions.

The main detector is surrounded on all sides by a 2-layer array of extruded alu-
minum proportional tubes 2}, This active shield is mounted against the cavity walls to
sigual the presence of cosmiic ray events in the cavity aud the snrrounding rock. C'osmic ray
muons can create contained event candidates Ly entering the deiector throngh the spaces
between main detector modules. or by creating nentrons and Ap's in the nearby rock which
penetrate to the interior without leaving tracks. Sneli nentral particle production is almost
always associaled with charged particles which are detected in the shield. Candidates for
nucleon decay should uot have associated hils in the active shield. Becanse the 1700 m?
shicld has nearly 3.5 times the area of the maiu detector i also increases the elfective area
for studjes of multiple-1muou cosinic ray events.

Some advantages of the Soudan 2 detector compared with previous proton decay



detectors are:

o The loneyeonih geometry gives a more uniform spatial response than a parallel plate
detector aud much better track and vertex resolution thau waler cerenkov counlers.
The result is high quality pictorial event information.

¢ The ionization measurement yields particle identification (e.g. proton-pion/imuon sep-
aration) not available in some other detectors.

o Tlie ivnizalion measurement yiclds track direction information from the ionization rise
at the stopping end of the track.

e ;i~ absorption in iron gives a track charge information not available in a water cerenkov
detector. (Stopped p*’s decay visibly in Soudan 2.)

e Muon trigger thresholds are lower than in any other proton decay detector.

o The observation of shower development yields betier low energy elcctron-muon separa-
tion thal in water cerenkov deteclors.

3 Module Performance

The response of the detector is continuously monitored by analysing the data from the cosmic
ray muons which trigger the experiment at a rate of about 0.3 JIz. A saurple of tracks
accnulated over several weeks is used to measure the detailed response in the region of
nucleon decay or neutrino interaction candidate events. In order to opliniize the operating
parameters (e.g. gas and electrouic gains), a few modules were iuitially operated on the
surface where the cosmic ray fiux is high enough to do high statistics studies rapidly. Some
of the results on detector perforniance of the modules operated on the surface are presented
in this section.

For the study of tube efficiency the cosmic ray muon trajectories were filted. By
comparing the number of Liit tubes crossed by the trajectory with the number predicted to
be hit by a muon trajectory, the tube efliciency is determined. Such a definition not only
considers il the tube is working, it also includes the anode-catliode matching efficiency and
the track fitting efficiency. Moreover, the efliciency will be decreased die to deviations of the
actual tube position from its nominal position. Iu the case of perfect geometry, for Monte
Carlo data, the tube efficiency is 85%. Under actual operating conditions the mean tube
efliciency is of the order of T5%. The mean tube cfficicney is very uniform throughont a
module, as is shown in figure 4, where the elliciency is plotted along the cathode divection.
The variations seen in figure 4 are correlated with the pulse height variations along the
cathodes. The maximum tube efficiency one can reach is S0%4 when the pnlse height is big
enough, but the modules were operated at the knee of the efficiency platean to remain in
the proportional gain region.

Typical attennation lengths are of the order of 70 cin. For the pulse height distrilm-
tion shown in figure 5 the attenuation lenugtlis for eaci 50 em drift region are 71 and 63 cm.
Such attenuation of the pulse Leight is well understand iu terms of diffusion along the tube



and electron attachnient due to O, coutamination. Some variations from module to module
can be observed, even with the same gas composition, due to imperfections in the electric
field which show up as a difference iu the ellective radii of the tubes. In the absence of oxygen
altachment, aticnuation lengths are expected to be about 100 cm. The spatial resolution
is determined by the anode aud cathode spacing, the drift time digitizalion unit and the
driflt velocity. The spalial resolution is obtained from thie RMS of the residual distributions.
calculated by fitling cosmic ray muon tracks. The spatial resolution in the y direction is
047+ 0.10 em , compatible with the expectations from cathode separation. The same result
is oblained in the @ direction. Ilowever, Lhe spatial resolution in z is 1.04 & 0.24 ¢m, higher
than expected [rom the time unit and the drift velocity. There are several factors aflecling
the z resolution: non uniform electric field, drift velocity variations, and wireplane-stack
misalignment.

One of the main characteristics of the Soudan 2 detector is its ability to vield
pulse height information for track direction determination and particle identification. To
make maximum use ol this information, the pulse height variation over the modules must
be smaller than Landau variations (20%). Typical pulse height fluctuation along the wire
plane are of the order of 30%, while in the drift direction, due to pulse height at!enuation,
50% reduction on pulse height can be observed (see figure 5). However, these variations can
be corrected by calibrating oul the effects of measured pulse height attenuation, wire plane
nonuniformities, module to module variations, atmospheric pressure, and gas composition.
After pulse height calibration, 10% variation is obtlained.

4 Module Calibration

At the Rutherford Laboratory’s ISIS pulsed neutron source, a module was exposed to beams
of positive and negative pions. muons, and electrons al momenta between 140 and 100
McV/e, and protons at 700 and 830 Alel /e, or several augles of incidence. Analysis of the
data is in progress butl preliminary resulls are available on the detector resolution, ionization
response, aud particle identification. These studies have confirmed that the detector modules
are perforining as expected, and also have provide detailed respouse parameters which are
then used in the Moute Carlo detector simulation.

The electromagnetic shower encrgy is determined by ('(‘)l‘lill‘illg tube crossings (hits).
Figure 6 shows the number of tube crossings as a fuuctiou of the beam euergy, for ISIS and
Monte C'arlo data. The non-linear dependence upon the energy reflects the high density of
tube crossings at high energy. The measured energy resolution cau be represented as (figure

T):

AE_T0 s
E _\/’E J.) N

where E is given in GeV™ and the second term reflects the sataration of the number of hits.

Although the Soudan 2 detector is designed to e relatively isotropic. its geometry
is not completely uniform. This fact will aflect. at some level. the number of hits counted
for shower energy imeasurement. Figure 8a shows the muuber of hits observed for diflerent
vertical incidence angles of the beam, for tracks perpendicular to the tubes. The maximum
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variation (8%) is obtained for small vertical angles. This varialion is easily calibrated. The
{otal amount ol pulse height is independent of the vertical incidence angle as is shown in
fignre 8b. When the dependence upon horizontal angle (angle with the = dircction) was
measured, a variation of the number of hits was observed where the beam is almost parallel
to the tubes (sec figure Sc). The total amount of pulse height does not vary with horizoutal
angle(ligure 8d). Therclore, the Soudan 2 detector is isotropic alter some small corrections.
I'he small detector anisotropy observed is confirmed with the Monte Carlo and does not
compromise the energy resolution.

A sample of 7%s produced in charged pion interactions las been recoustructed.
The events were sclected by scanning lor events with two well separated showers. The ¥
peak is centered at 136 £3 M c¥/c? and has an RMS of 10 MeV/c? (see figure 9). When
the vertex is knowu it is possible to distinguish electrons from photons by measuring the
distance between the vertex and the first hit (conversion length). If the distance is smaller
than 4 em the probability to be a electron is 8 : L. {for & distance larger than 4 cm the shower
is a photon with a probability of 14 : 1.

Muon momentum is calculated from the range obtained by measurement of the
muon track length (L) and using a mean detector density (1.6 g/em3). The average lenglh
for 245 Mel /e muons is 40.6 cm, with %‘i = 20%. giving a momentum resolution of 8%.
T'his resolution is independent of momentwn for the ISIS encrgies.

Soudan 2 can distinguish between stopping positive and negative muons hecanse
most negative muons are captured by iron mnclei and do not decay visibly, The decay
positrons from positive mnons are usually detected. Figure 10 shows the nunber of extra
hits at the ends ol tracks for samples of negative and positive muons. I'wo or more shower
liits are obscrved at the end of 85% of the positive muon tracks. No hits are observed for
5% of the negative muoun tracks. The expected jonization response of a slowing muon is
observed. Figure 11 shows the meaun pulse height along the muon trajectory from the end
of the tack. Crude easurement of the track direction (choosing the end with the higher
mean jonization on the last b hits as the stopping end), yields the correct direction 78% of
the thme. .
An algorithm is nnder development to separate electron showers from muon tracks.
I distingnishes helween electrons and muons using the residuals of points from a smooth
trajectory Ht. the number of hit tubes not on a smooth 'I,rajéct-or_v and their distribution
along the trajectory. the number of non-hit tubes and the largest contiguous set of non-hit
tubes on the smooth trajectory fit. The efliciency of identifying muons is essentially constant
with momentum and equal to 95% (for both g~ and g*). The efficiency of the algorithm for
identilying electrons is dependent on the energy and is eqnal to the muon eflicieney for 100
MeVe, and falls to 83% at 185MeV /e, Alour luwest energy calibration point (110 MeV/fe).
the electron identification efficiency is 60%. This is because such low energy clectron tracks
do not often exhibit large showers.



5 Conclusions

The Soudan 2 deteclor is collecting data and is working well. The detector performance is
continuously mouitored using cosmic ray muon tracks. By exposing one of the modules lo
a charged particle beam at [SIS, various delector capabilities have been measured: muon
charge identification, direction determination, track patiern recognition, and track encrgy
measurement has been calibrated. The large amount of infurmation for each contained event
will be of great value in separvating neutrino iuteractious in Soudan 2 from nucleon decay
event candidates.
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Figure Caption

Figure 1: Soudan 2 main detector and active shield layout.
Figure 2: Bandolicr, insulation sheets(inserts) and corrugated steel asscmbly (stack).

Figure 3: Cutaway view of a single drift tube. The drift field is generated by the application
of graded voltages on a series of 21 copper electrodes (the polystyrene inserls are not
shown). '

Figure 4: Typical mean tube efliciency variation with cathode numbers.
Figure 5: Typical pulse height variation along the drift direction.

Figure 6: Electron shower energy versus number of hits from ISIS data and Monte Carlo
simulatjous. ’

Figure T: Energy resolution for electron showers.

Figure 8: Mean number of hits (a) and miean total pulse height (b) for diflerent heam
momenta versus the vertical angle, and mean number of hits (c) and mean total pulse
Leight (d) versus the horizontal angle. .

Figure 9: Invariant mass distribution for two shower events in the = beam.
Figure 10: Number of shower hits at the end of y+ and p— tracks.

Figure 11: Mean pulse height versus anode number (from the last anode in the g trajec-
tory).
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