
MINOS: 
Do it yourself 

  Introducing MINOS  
  Introducing NuMI 

  MINOS detectors 
    (“Building a ship in a bottle”) 

 “technological” issues 
   work “fronts” 

  Lessons learned (hopefully)  

 Bird’s view 
 Highlights }



"Anyone who has never made a mistake has never tried anything new.” 

       Albert Einstein 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 2 
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MINOS 
Main  Injector Neutrino Oscillation Studies 
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MINOS Physics Program 

Main goals: 
  Decisive low-systematics observation of  disappearance (νµ νx )
  Determine  | Δm32

2 | and sin22θ23 with < 10% accuracy  
  Measure (or improve limits) on  νµ νe  / νµ νsterile / “exotic” transitions 
  Test CPT in atmospheric CCµ  charge-separated interactions 

Monte Carlo plots for Δm2 = 0.003 eV2   and   7.4x1020 pot 

1

2

Unoscillated 

(predicted from 
Near) 

Oscillated at 
Far 

  νµ spectrum                                            spectrum ratio 
Monte Carlo Monte Carlo 

The method: 
 
P(νµ →νµ ) = 1− sin

2 2θisin2 (1.267Δm2L / E)
1 2
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MINOS disappearance highlights  
(based on 3.36x1020 protons on target) 
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Constrained (sin2(2θ)=1.) fit 

|Δm|2 =(2.43±0.13) x 10-3 eV2 

sin2(2θ) > 0.95                    [ χ2/ndof = 90/97,  68% C.L.]  

Unconstrained fit:   

|Δm|2 = 2.33 x 10-3 eV2  

sin2(2θ)=1.07      
[Δχ2=-0.6] 

Decay              
       χ2 = 104/97 
disfavored at 3.7σ

Decoherence     
       χ2 = 123/97 
disfavored at 5.7σ

P. Adamson et al., Phys. Rev. Let. 101,131802 (2008) 
K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



Beam: a how to 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 6 

(Main Injector = MI) 

  MI is fed 1.56 µs batches from 8 GeV
 Booster 

 (MI ramp time ~1.5sec) 

  NuMI designed for 
 8.67 µsec single turn extraction 
 4 × 1013ppp @ 120 GeV 
 1.9 second cycle time 
 beam power ~400kW 

  Typical performance to date: 
 3.2 × 1013 ppp @ 120 GeV 
 2.2 second cycle time 

  Achieved records: 
 3.7 ×1013 ppp @ 120 GeV 
 2.0 second  cycle time 
 320 kW 

Batch 1 

Batch 3 

Batch 4 

Batch 5 
Batch 6 

Main Injector 

½ Batch 
(empty) 

½ Batch 
(empty) 

NuMI 

Pbar 
Target 

Batch 2 



 

3.330 

Experimental setup:  NuMI beam 
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Intense beam 

  As of now, we have replaced the target twice and both horns! 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 8 



NuMI – multi-beam 

target Horn 1

Pions with  
pT=300 MeV/c and 

p=5 GeV/c 
p=10 GeV/c 
p=20 GeV/c 

Proton 
beam 

Horn 2 

LE-10: Far Det: 1 event / ~4hrs 

3 target positions 

NearDet 
DATA! 

  (CC events) 

5.3x1017 

5.1x1017 

1.7x1017 

Horn 1 

Beam 
Target z
 position

 (cm) 

FD Events per
 1x1020 pot 

Horn Current 
(kA) 

LE-10 -10 390 0,170, 185 ,200 

pME -100 970 200 

pHE -250 1340 200 

Flavor composition:  92.9% νµ  

  5.8% anti- νµ,  

  1.2% νe, 0.1%anti- νe 

Data sets: 
95% 
data 
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Focusing 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 10 

i

i

X 

i



MINOS Target Hall 

Horn 2 suspended
 from shielding
 module being
 lowered into
 shielding pit 

Hall probe 
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π+ µ+
υµp 

µ+

µ+

Muon Chambers 

  2m x 2m  He-filled ion chambers 
  3 arrays at different rock depths 

Muon Monitors to Study ν Beam 

Hadron Monitor 

Data 
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Accumulated Beam Data 
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RUN I 

1.27x1020 POT 

Higher
 energy
 beam

 0.15x1020

 POT 

RUN II 

1.87x1020 POT 

RUN III 

>3x1020 POT 

2006 νµCC publication 2008 νµCC pub. 
νe results 

Run III 
ongoing, 

not analysed
 yet 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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It’s like
building a ship in a bottle

MINOS 

Soudan 2/CDMS II 

shaft 

Soudan Mine 
(MN) 

Depth=2,070mwe 

Octagonal steel plates  
made out of 8 welded  
together long plates 

which fit through the shaft  
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Near Detector at Fermilab 
100 m underground 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 16 



Near Detector – 1,040 m from the target  
at Fermilab 

   veto - target - µ spectrometer 
   mass = 1 kT 
  153 scintillator planes 
   QIE-based front-end 
   3.8 x 4.8 “squeezed” octagon 
   12,300 scint.strips 
   1-end readout 
   no-multiplexing 
   220 M64s 
   282 steel planes 
   65 km WLS fiber 
   51 km clear fiber 

µ spectrometer region 

ν target region 

View of the Near Detector Hall 
nearing end of  

detector construction 

103 m 
underground 

3.8m 

4.8m 
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Far Detector  – 735.3 km away  
(Soudan Mine, Mn) 

   2 Supermodules 
   5.4 kT 
   484 scint. planes 
  CR veto shield (2,070mwe) 
  B ~ 1.5T (R=2m) 
   93,120 strips (4.1 x 1.0 cm) 
   8-fold MUXed 2-ended readout 
   1551 M16s 
   722 km of WLS fiber 
   794 km of clear fiber 
   HAD = 56% / E 1/2 

   EM = 23% / E ½ 

Veto Shield 

coil 

Scintillator Plane  
(8 modules, 192 strips) 

8m 

Running since July 2003 

705m underground (2,070 mwe) 
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“MINOS technology” 

Near Det Far Det 

8 fibers/pixel 
1 fiber/pixel Multi-anode PMT 

Extruded 
PS scint. 

4.1 x 1 cm 

WLS fiber 

Clear 
Fiber cables 

M16 
M64 

2.54 cm Fe 

U V planes 
+/- 450 

5.9 cm 
S

ci
nt

ill
at

or 
S

te
el
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EXTRUDED SCINTILLATORS 
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Co-extruded scintillator strip + reflector  
use wavelength shifting (WLS) fibers as readout. 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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SELECTION OF RAW MATERIALS 

BLUE SCINTILLATOR CORE 
  Polystyrene:  Dow Styron 663 W 
  Dopants:  1% PPO + 0.03% POPOP 

WHITE CAPSTOCKING 
  Polystyrene with  

 12% TiO2 – 0.25 mm thick 

GREEN FIBER 
  K-27 fiber – 1.2 mm diameter 

Dry PS purged
 with nitrogen 

Hopper purged with
 nitrogen 

PS mixed with
 PPO+POPOP 

PS mixture purged
 with nitrogen 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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EXTRUSION AT ITASCA PLASTICS 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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EXTRUSION AT ITASCA PLASTICS 
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EXTRUSION AT ITASCA PLASTICS 
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EXTRUDED SCINTILLATOR STRIPS 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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QC:  LIGHT YIELD 

QC SETUP AT THE FACTORY 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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Module Assembly II 

Scenes from Minnesota Module Factory 

Allow Fiber Epoxy to cure Install top  
of light case 

Glue WLS fibers 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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45 Degree End Manifold 

Connector 

Scintillator strips 

Manifold base 

•  Identical construction (modulo 
   a mirror image) for all 45o  
   modules.  
•  The longest manifold part but 
  with relatively easy fiber  
  routing constraints. 

Base 

Carpet tape 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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Module Assembly 

Finished connector

Scenes from Minnesota Module Factory

Crimp light case edges

Flycut
 optical

connector

A finished connector

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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NearDet construction (finished in Dec’2004) 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



Radioactive source mapping 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 31 
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Plane assembly 

Steel Welded and modules placed. Plane lifted to vertical

Crane carries plane down
 the hall for installation 

6-8 Planes per week 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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Built ‘99
 Summer

 at
 Fermilab 

4-Plane Prototype 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



34 

FarDet: Done (summer 2003) 

SM 1 + SM2 (248 + 237 = 485planes) coil 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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WLS Fiber Test Apparatus 

Sample fiber attenuation length 
measuring device. 

Spool Testing Device and performance 

Measurement of diameter variations 
in a spool. 

Aluminum drum 
with spiral groove 

LED 
locations 

WLS fiber 

PMT 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



Light yield in MINOS modules 
Far Detector 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 36 



Drift (down) of light yield 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 37 
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FAR Detector 
Hamamatsu’s R-5900

-M16 

NEAR Detector 
Hamamatsu’s R-5900

-M64 

“The Eyes of MINOS” 
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Multi-anode PMTs + fibers 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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PMT Base and Mounting 

base 
Spring-loaded screws 

M16 PMT 
Plastic PMT mounting sheath 

PMT mounting bracket 

Position adjustment bracket 
Clear alignment cookie 

Cookie (with holes for fibers) 

Position pins 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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  Many new measurements of
 PMT response have been
 made in the last several
 months.  
  Tubes are scanned with 1.2

 mm WLS fibers excited by
 blue LEDs. 

  The results from the positions
 of “final installed fibers” are
 tabulated. 

  The measurements and other
 studies have confirmed the
 baseline plan for the far
 detector is optimal. 

  We are still comparing M64
 and M16 in the near detector
 due to no multiplexing. 

R5900-00-M16 9G20C5
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M16 Photodetectors 
Read out 128 fibers 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



M16 test stand 
1536 fibers into 128 “plugs” 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 42 



M16 alignment 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 43 



A PMT “certificate” 

 8004-1128-03-01T tube ka0240
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M16 cross talk 



Event display 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 46 

Cross talk hits Cross talk hits 



M16 uniformity 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 47 



Linearity and Cross talk of M16 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 48 
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The third detector - CalDet 

• MINOS calibration challenge: 
• Near/Far relative calibration to 2% 
• absolute calibration of 5% 

• Main ingredients: 
• cosmic ray muons 

• energy scale calibration 
• strip-to-strip response 
• muon energy unit (MEU) 

• light injection system 
• PMT gain drifts 
• PMT/electronics linearity 

• calibration detector (CalDet) 
• define MEU 
• topology and pattern recognition 

2 CalDet modules being staged in T7 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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CalDet – it’s an experiment 

 5 tons 
 1 m x 1 m x 3.7 m 
 60 MINOS planes  
 5 modules (for moving) 
 24 strips/plane  
    (a total of 1440 strips) 
 Consecutive scintillator  
    planes  rotated 90o 

 FarDet and/or NearDet readout 
 Full MINOS calibration scheme 
 Clear and green (to simulate size
 of far  detector) ribbon cable
 transports light to PMTs 
 No B field 
  Took data 2001-2003 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



MINOS Calibration Detector Response 

Energy resolution 

Had:    56% 
E

 EM:    21.4% 
E E

+ 

+ 

4.1% 

σ
E 

2% 
Stopping CR muons: 

MINOS Energy Unit (MEU) 



MINOS Calibration Detector – 2 GeV events 

Muon  

Electron  Pion  

Proton  

Plane # St
ri

p#
 

Caldet Data 



In print… (Far vs Near in Caldet) 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 54 
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Surprise! 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



Special tests of spontaneous light emission
 by WLS fibers 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 56 
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Special tests of spontaneous light emission
 by WLS fibers 
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Spontaneous rate / length 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 59 



New experimental challenges  
in neutrino physics - intensity 

Near Detector spill 

  8.67  msec spill  of  5  “batches”  

  Events recorded within a 18 msec 

Most 
of data 

1013 protons per pulse 



New experimental challenges 
in neutrino physics - intensity 

Near Detector spill 1 spill lasts ~10 µs 



Calibration – stopping muons (MEU) 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 62 



MEU – MINOS Energy Unit 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 63 



Jeff Hartnell, Fermilab W&C, May 2009  64 

The MINOS Collabora?on 

Argonne • Athens • Benedictine • Brookhaven • Caltech • Cambridge • Campinas • Fermilab 
Harvard • Holy Cross • IIT • Indiana • Minnesota-Twin Cities • Minnesota-Duluth • Otterbein 

Oxford • Pittsburgh • Rutherford • Sao Paulo • South Carolina • Stanford • Sussex • Texas A&M 
Texas-Austin • Tufts • UCL • Warsaw • William & Mary 

28 institutions 
140 scientists 



Lessons learned (hopefully) 

 Avoid “building a ship in a bottle” 

 Better horizontal than vertical access (tunnel vs mine) 

 Share responsibilities among as many institutions as
 possible in all stages of the experiment (collaboration
 integration) 

 Larger detector with PMTs impossible  
 (spectral attenuation) 

 Spontaneous light emission in WLS fibers 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 65 



“I wish to thank my parents for making it all possible...and I wish to thank
 my children for making it necessary.” 

       Victor  Borge 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 66 



Backup slides 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 67 



νe appearance 

  Expect: 27 ± 5(stat) ± 2(syst) 
  Observed: 35 events 
  Observed is 1.5σ higher  
    than background expectation 

  We do observe a similar 
    sized excess of events in  
     a (independent, signal-less) 
     sideband region 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 68 



A search for  νµ  νsterile 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 69 

€ 

Pν µ →ν µ
=1−α

µ
sin2(1.27Δm2L /E)

Pν µ →ν e
=αe sin

2(1.27Δm2L /E)

Pν µ →ν s
=α s sin

2(1.27Δm2L /E)

Pν µ →ντ
=1− Pν µ →ν µ

− Pν µ →ν e
− Pvµ →ν s

fs ≡
Pν µ →ν s

1− Pν µ →ν µ

For Evis < 3 GeV: 
f < 0.35, 90% C.L. 

For Evis < 120 GeV: 
f < 0.17, 90% C.L. 

Energy Range 
(GeV) 

Data MC 
Significance  

(σ) 

0-3 100 115.16 ± 7.67  1.15 

0-5  165   175.92 ± 10.42 0.65 

0-120 291   292.63 ± 15.02 0.10 



Anti-neutrino disappearance (NEW !!!) 

  Observe 42 events in  
 the Far detector 

  Predicted events with  
 CPT conserving oscillations:  
  58.3 ± 7.6 (stat.) ± 3.6 (syst.) 

  Predicted events with  
 null oscillations: 
  64.6 ± 8.0 (stat.) ± 3.9 (syst.) 

  CPT conserving point from  
 the MINOS neutrino analysis is  
 within the 90% contour 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 70 

How likely is our data? 



K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 71 
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EXTRUSION AT ITASCA PLASTICS 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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EXTRUSION AT ITASCA PLASTICS 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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EXTRUSION AT ITASCA PLASTICS 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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•  The design critereon for the far detector was the light output. 
 4.7 pe’s/muon (2 GeV muons) for the average sum

 of two strip ends. 
•  The measured light output is almost a factor of two higher than the

 design requirement. 

Light output measured for all strips for muons in
 the far detector. The light output is corrected to
 1 cm pathlength per plane but is not corrected

 for PMT gain variations. 

Mean = 10.6 pe’s 
(~8.5 for 2 GeV muons) 

Average light output for one-side of readout vs
 plane number in the detector. (Not corrected for
 pathlength or gain variations). This shows the
 uniformity in the hardware and raw response. 

Light output is stable! 

Far Detector Light Output 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 
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FAR Detector 
  Hamamatsu’s R-5900-M16 

NEAR Detector 
  Hamamatsu’s R-5900-M64 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 



Alignment 
optical and dynamic 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 79 









MINOS Calibration Detector  
– an experiment 2001-2003 at CERN PS 

• 5 tons (5 modules for moving) 
• 1 m x 1 m x 3.7 m 
• 60 MINOS planes  

• Long WLS andClear  fiber cables 
• No B field 

• 24 strips/plane (a total of 1440 strips) 
• X-Y views 

• FarDet and/or NearDet readout 

MINOS is a 3-detector 
Experiment! 

 Exercise a full MINOS calibration scheme 
 Determine the absolute energy scale to <5% 

 Establish relative energy scale <2% 
 Energy and topology response 

 Monte Carlo tuning 
 Beam p,π,e,µ 05-10 GeV/c 

 Cosmic ray muons (stopping) 

Beam 

1 of 5 modules 

CERN   T7 PS test beam 



M16 base (voltage divider) 

K. Lang, University of Texas at Austin, MINOS - Do it yourself!, Warsaw, May 2009 84 

•  ~1500 made (400 more next week) 
• No conformal coating 

 (leakeage current  < 10 nA 
              see detailes later) 


