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Abstract—The MINOS detectors will use extruded plastic wheref is the mixing angleA A is the difference in mass be-
scintillator strips, which are read out by wavelength-shifting fibers  tween the two flavors of neutrind; is the distance travelled
coupled to multipixel photodetectors. This technique provides ;i the neutrino oscillates, arfd is the energy of the neutrino.
excellent energy and spatial resolution. The MINOS detectors are Hence, for neutrinos to oscillate, they must have mass, which
described in detail along with results from light output tests. . ' ! . . ’

is contrary to the standard model of particle physics, where the
mass of all flavors of neutrinos is assumed to be zero. Different
flavors of neutrinos (electron, muon, tau, or sterile) can be iden-
|. INTRODUCTION tified by distinctively different patterns of secondary particles

HE Main Injector Neutrino Oscillation Search (MINOS)'[hey produce when they iqteract with matter in g_massive neu-
[1] experiment is designed to search for neutrino oscgfmo detector. Thus an optimum, and most sensitive, way o de-

Index Terms—Calorimeter, MINOS, scintillator.

lations [2], [3] with a sensitivity significantly greater than ha ect such oscillations is to compare the patterns of their interac-

been achieved to date. el separated ocatione & heutring beam. The MINOS o
If neutrinos do oscillate, as suggested by some experimentaﬁj. y sep )

results [4]-[6] and by theoretical extensions of the standaf§ ””_“?”t is based on th's. _deS|gn, u5|_nguebeam, and is most
sensitive ta/,, — v, transitions, but will also be able to search

model of particle physics, then they will change their flavo L
(electron, muon, tau, or sterile) as they move through spacefr rr;/u — v, transitions. The two MINOS detectors are located

matter. The probability for a neutrino of flaver to oscillate in at Fermilab (near detector) and in the Soudan mine in Min-

: o nesota, 730 km away (far detector).
vacuum into one of fiavory is given by (1) The MINOS detectors are iron-scintillator sandwich

C 2ap .2 o L calorimeters, with toroidal magnetic fields in their thin steel
P — vy) = sin” 20sin” | L27TAM E (1) planes. MINOS will use a scintillator with sufficiently fine
transverse granularity, so as to provide both calorimetry and
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Il. THE MINOS EXPERIMENT
A. The NuMI Beam

The neutrinobeam[7]relieson primary 120-GeV protons from
the maininjector, extracted in an 8.4-s-long single turn extraction
every 2 s. The protons are transported to the downstream target
halland aimed downwards at 3.80 as to point at the MINOS far
detector. The main injector is expected to deliver abowtl*3
protons perpulse ontarget. Thetargetisasmalldiameter(matched
to the transverse size of the proton beam) segmented graphite
cylinder about 160 cm long. The resulting hadron beam is subse-
guently sign selected and focused by specially designed focusing :
elements and then transported through an evacuated decay pipe, <
1minradiusand 675 mlong, before striking a secondary absorber MUX box
downstream. The total decay length is 725 m. The dolomite g5 1 scintillator modules on one plane of the far detector. The MUX boxes
tween the hadron absorber and the first MINOS detector providestain the phototubes.
sufficient shielding to range out all the muons produced by pion
and kaon decays in the beam pipe.

B. The MINOS Detectors

The MINOS detectors consist of the near detector at Fer-
milab and the far detector at Soudan, 730 km away and 713 m
below ground. They are iron-scintillator sandwich calorime-
ters. The active elements are 1-cm-thick and 4.1-cm-wide
scintillator strips. The scintillator strips are extruded STYRON
663-W polystyrene, doped with 1% of PPO and 0.03%
POPOP. A 0.25-mm-thick reflective layer, obtained by adding
12.5% of TiG to polystyrene and coextruded with the scin-
tillator, surrounds each strip, except along a 1.4-mm-wide
and 2.0-mm-deep groove also coextruded for embedding a

light-collecting 1.2-mm-diameter wavelength-shifting (WLS ig. 2. Schematic view of the far detector. The boxes on the platforms at the

fiber. The WLS fiber is a J-type Y11 multiclad polymethyl-siges of the detector are where the front-end electronics, high-voltage power
methacrylate, non-S, and doped with K27 dye at 175 ppsnpplies, and photodetectors are situated.

(maximum intensity emission at 520 nm). The light attenuation
in the WLS fibers is well modeled by a double exponentialominal MINOS fiber positions are considered. The crosstalk is
falloff with A; =~ 0.7 m andX, ~ 3.9 m. Signals from the WLS dominated by optical spreading of photons impinging upon the
fibers are further transported by clear polystyrene Kuraraybe through the 1.2-mm-diameter fiber. Near-neighbor (side-
fibers with attenuation length =~ 13 m. sharing) pixels pick up less than 5% signal, while diagonal-
1) The Far Detector:The MINOS far detector is a neighbor pixels pick up less than 1% of the signal. In both cases,
5.4 metric kt magnetized iron calorimeter consisting of twthe crosstalk strongly depends on the relative position of the
supermodules. The basic module is an 8-m-diameter (octagocethter of the fiber with respect to the edge of the pixel. These
geometry) 2.54-cm- thick steel plane. A coil running througtests showed that these multianode tubes meet the requirements
the steel provides a 1.5-T magnetic field. The far detectof the MINOS detectors.
consists of 486 planes. Each scintillator plane is made up ofSimulations have been carried out using a program called
eight modules containing 20 or 28 strips depending on thgminos. This program combines a description of the detector
location in the plane (Fig. 1). Each plane consists of 198 striggometry, the neutrino flux from GNuMI [9], and the simula-
in total. The orientation of the strips alternates by° 98 tion of the properties of the scintillator and photodetectors with
successive planes. the standard GEANT [10] tracking and particle interaction pro-
The far detector is read out at both ends using a total of 14§2am. Using the current detector design, a hadronic energy res-
16-pixel Hamamatsu R5900-M16 photomultiplier tubes. Eiglufution of AE/E ~ 55%/+/E and a muon momentum resolu-
different fibers, from eight strips spaced roughly 1 m apart dion of Ap/p = 15% are expected [1].
the detector, are coupled to each pixel. The resultant eight-foldrig. 2 shows a schematic view of the far detector.
ambiguity can be resolved in software by utilizing the fact that 2) The Near Detector:The near detector attempts to emu-
the exact arrangement of which fiber is coupled to which pix&dte that of the far detector in all relevant properties: the na-
is somewhat different at the two strip ends. The characteristicge and thickness of the absorber planes, the nature and gran-
of the M16s have been extensively tested [8]. The effective callarity of the active detector, and the strength of the magnetic
lection efficiencies and gains (at 9)0in individual pixels are field. The basic near-detector geometry is an elongated octagon,
uniform within about 10% and 15%, respectively, if only th&.8 m high and 4.8 m wide. The coil hole is placed off center
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Fig. 3. Typical light yield from a full-size prototype scintillator module.
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total, the near detector consists of 200 planes of iron scintillator.
Each strip is read out from its outer end only, onto one pixel of
a Hamamatsu R5900-M64 64-pixel photomultiplier tube. The
opposite ends will be reflectively terminated to boost the av-
erage light yield to a similar level as in the far detector. A total

of 215 M64 tubes will be used in the near detector.

IIl. LIGHT OUTPUT TESTS

Full-size prototype scintillator modules (20 and 28 wide)
have been tested on a cosmic-ray test stand. The light output as
a function of distance along the scintillator strips (read out at
both ends of the strip) was measured using cosmic rays. Fig. 3
shows the average light output for one module. The attenuation
of the light can clearly be seen as the distance between the
photomultiplier and the position of the cosmic-ray interaction
increases. The average light output is about six photoelectrons
in the center of the strips.

IV. CONCLUSION

The light yields from full-size prototype MINOS scintillator
modules have been measured and found tezBephotoelec-
trons in the middle for cosmic-ray muons. This is satisfactory
for MINOS operation.

horizontally, and the detector itself is positioned so that the cen-\,,NOS is now in its construction phase and will start taking
tral part of the neutrino beam is about 1 m away from the holg. i 2003.

In the longitudinal dimension, the detector is composed of four

functionally different components. Starting from the upstream

end, they are as follows.
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