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intillator wavelength-shifting �berresponse to magneti
 �elds

Matthias Ihl, Christian S�amann,Karol LangThe University of Texas at Austin9th June 2001Abstra
tIn this report we investigate some magneti
 properties of the s
intillator and wavelengthshifting (WLS) �ber used in the MINOS Dete
tors (Fermilab), namely the dependen
eof the light yield on magneti
 �elds. We give a detailed des
ription of the experimentand also dis
uss the ne
essity of a magneti
 �eld in the Calibration Module.
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1 INTRODUCTION 31 Introdu
tionThe goal of our proje
t was to investigate the dependen
e of the light yield of the s
intilla-tors and wavelength-shifting �bers used in the MINOS (Main Inje
tion Neutrino Os
illationSear
h) dete
tors on magneti
 �elds. Both the far and the near dete
tor of MINOS 
onsistof o
tagonal, toroidally magnetized, 1-in
h thi
k steel planes, suspended verti
ally in largearrays. Ea
h steel plane provides me
hani
al support for a plane of s
intillator dete
tormodules, whi
h is atta
hed to ea
h steel plane.Multi-turn 
oils are installed to produ
e a magneti
 �eld of 1.5 T in the 
enter of the plates(�g. 1).

Figure 1: 3D model of the far dete
tor with magneti
 
oilThere are two main purposes of the magneti
 �eld:� it is essential for momentum measurements of 
harged parti
les produ
ed in an event� to in
rease the a

eptan
e of 
harged parti
les produ
ed in an eventEven though the magneti
 �eld in the 
enter is quite high, it is 
on
entrated in the steelplates, thus the expe
ted magneti
 �eld in the s
intillators and WLS �bers is � 0.04 T =400 Gauss.Therefore we 
arried out experiments to investigate the in
uen
e of magneti
 �elds on thelight yield of the s
intillators/WLS �bers. Similiar experiments done at DESY indi
ate asmall e�e
t of about 1 per
ent at 400 Gauss.Our experiments, as explained later, also show only a small dependen
e of the light yield onmagneti
 �elds in the above named range of magneti
 �eld strengths.



2 EXPERIMENTAL SETUP 42 Experimental Setup2.1 Devi
es2.1.1 S
intillator and wavelength-shifting �berThe s
intillator used in MINOS is an extruded s
intillator with a grove for a wavelengthshifting �ber and a 
o-extruded T iO2 
oating as a re
e
tor. The 
ross se
tional pro�le(shown in �g.2) is 41 mm wide and 10 mm thi
k. The 2 mm deep grove in the upper surfa
ea

epts the 1.2 mm WLS �ber.
scintillator

1.2 mmWLS fiber

aluminized Mylar tape

optical epoxy

0.25 mmTiO2 reflective cap

10 mm

41 mmFigure 2: Cross-se
tional pro�le of the s
intillatorIn our experiment we used a 0.9 mm WLS �ber. The s
intillator is made from 
ommer
ialgrade Dow 663 polystyrene material. As primary dopant (1% per weight) for the polystyrene,PPO (2,5-diphenyloxazole) is used. The se
ondary dopant (0.03% by weight) is POPOP(1,4-bis(5-phenyloxazol-2-yl)benzene). The typi
al attenuation length of the s
intillationlight along the �nished s
intillator is 2 - 3 
m. In the s
intillation pro
ess, blue photonsare produ
ed, whi
h eventually hit the �ber, namely the WLS Y-11 
uor, where they areabsorbed and re-emitted as green photons. The �bers are designed to give a maximumtrapping fra
tion for green light. The inner 
ore, 
ontaining the Y-11 
uors, is polystyrene(refra
tive index n1=1.42), a thin intermediate layer is a
ryli
 (n2=1.50) and the thin outer
ladding is poly
uor (n3=1.42). The absorption spe
trum of the Y-11 
uor (
entered at420 nm (blue)) has only a slight overlap with the emission spe
trum, whi
h is 
entered inthe green beyond 470 nm. Thus, self-absorption in the �ber is very small. The attenuationlength of the WLS �bers used for readout is 5-6m.



2 EXPERIMENTAL SETUP 52.1.2 Photomultipliertubes (PMTs)For our setup, three PMTs were ne
essary: two were needed to determine 
oin
iden
e events("
osmi
 ray tele
ope" as des
ribed below) and one 
onne
ted to the WLS �ber and s
in-tillator, whi
h we investigated. We will refer to the �rst mentioned as upper and lower"
oin
iden
e tubes" and to the third one as middle tube. The lower tube was a Philips56AVP PMT, whi
h we operated at 1789 V. The upper and middle tubes were Ele
tronTubes Limited 2" Photomultiplier Type 9954B, operated at 2017 V and 2000-2300 V, re-spe
tively. It was spe
i�
ally important to know the 
hara
teristi
s of the middle PMT,whi
h are summarized in table 1.



2 EXPERIMENTAL SETUP 6Table 1: Chara
teristi
s of PMT 9954BWindowmaterial borosili
ate glasspro�le plano-
on
avediameter (max) 52.3 mmindex of refra
tion 1.48Photo
athodetype bialkalia
tive diameter 46 mmspe
tral range 310-700 nm
orning blue (typ) 12.5QE at peak wavelength (typ) 26%Dynodesnumber 12type LFse
ondary emitting surfa
e BeCu
apa
itan
e anode to all dynodes 4pFGain and Dark Currentvoltage for 500 A/lm (typ) 1800 Vvoltage for 500 A/lm (max) 2300 Vdark 
urrent at 500 A/lm (typ) 1.5 nAdark 
urrent at 500 A/lm (max) 5 nAdark 
ount at 293 K (typ) 800s�1Magneti
 Field SensitivityThe �eld for whi
h the output de
reases by 50 %�eld dire
ted along dynodes 1:2� 10�4T�eld dire
ted a
ross dynodes 2:0� 10�4T�eld dire
ted along axis 6:0� 10�4TTiming Performan
erise time 2.0 nspulse width 3.0 nstransit time 41 nstransit time dispersion 1.9 nsTemperature CoeÆ
ient(typ) �0:3%K�1



2 EXPERIMENTAL SETUP 72.1.3 Magneti
 
oilTo produ
e �elds similar to those expe
ted in the s
intillator planes of the two MINOSdete
tors, we �rst tried to design a setup using a Helmholtz 
oil. The advantage of thiswould have been a homogenous, stri
tly lo
alized magneti
 �eld, but after 
al
ulating, wefound that the �elds were to weak (with a reasonable amount of wire / 
urrent).Sin
e the homogenity of the �eld is not important to determine, if there is an e�e
t at all,we 
an do without a perfe
t homogenous �eld. A simple 
oil �tting our needs 
ould be lentfrom Artur Widera (group of Dr. Raizen), who built it as a prototype for 
oils that will beused in a Zeeman slower.The 
oil 
onsists of a 
opper 
ylinder, bounded with two 
opper plates to �x the wire andto provide some 
ooling. There are 500 windings of 
opper wire (AWG 10, � = 2:59 mm)on the 
oil 
overed with Thermaleze insulator. Its lifetime at 200Æ C is 20,000 h. Thetemperature of the 
oil 
an be measured by a thermo element �xed inside the 
oil.The results of our measurements to obtain 
oil spe
i�
ations as resistan
e et
. are shown in�g. 3.
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2 EXPERIMENTAL SETUP 8With this data, we get the following results:resistan
e/
ir
uit 0:874� 0:006 
resistan
e/
oil 0:5660� 0:0005 
power input/
ir
uit (at 6 V) 40.86 Wpower input/
oil (at 6 V) 26.22 WThus we 
an easily a
hieve �elds of about 380 Gauss. This should be enough to measurean e�e
t on the light yield, if there is one at all. The �eld of the 
oil has a pseudo-gaussianshape (�g. 4).
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 �eld of the 
oil at 6VIt is stri
tly lo
alized and therefore doesn't a�e
t the photomultiplier tubes. (The �eld nearthe tubes was measured to be below 0.5 Gauss before shielding.)The temperature of the 
oil is in equilibrium below 50Æ C, and the di�eren
e of the temper-ature near the tubes is below 1Æ C.



2 EXPERIMENTAL SETUP 92.2 Layout of the setup/ des
ription of the experiment
PMT

scintillator

PMT
magnetic coil WLS

fiberscintillator

PMT
scintillator

cosmic ray

QVTexternal

gate

Q inputlogic
unit

discriminator

discriminator

Computer or
oscilloscope

2 ns

2 ns

signal runtime

58 ns

2 ns

34 ns

34 ns Figure 5: The experimental setupAs mentioned above, the goal of our experiment is to determine if there is a signi�
ante�e
t of a magneti
 �eld on the light yield of the s
intillator used in MINOS. A s
intillatoremits light when it is 
rossed by a high-energeti
 parti
le. Our options were to 
hoosebetween 
osmi
 rays (see app. A) and radioa
tive material as a sour
e for these parti
les.Sin
e the University of Texas requires a spe
ial safety training to be taken for handlingradioa
tive material, we de
ided to use 
osmi
 rays. The disadvantage of this method is therelatively long time to get a signi�
ant spe
trum.The layout of the experimental setup is s
hemati
ally shown in �g. 5. It is basi
ally a"
osmi
 ray teles
ope", a setup to measure the energy spe
trum of high energeti
 parti
les,known as 
osmi
 rays.When 
osmi
 rays 
ross s
intillator material, they ex
ite some of its mole
ules what results ina 
ash of photons. There is a �xed relation between the energy of the high energeti
 parti
leand the number of photons it produ
es. Thus, by measuring the photons, the parti
le'senergy 
an easily be derived.To measure the photons, the 
ash has to be 
ondu
ted to a photomultiplier tube (PMT),whi
h transforms ea
h photon (or better ea
h tenth, depending on the quantum eÆ
ien
yof the PMT) into a �xed amount of ele
tri
 
harge, whi
h 
an be read out by the QVT (see2.3.1). The photons produ
ed by a high-energeti
 parti
le (about 420 nm) boun
e throughthe transparent s
intillator, re
e
ted by the T iO2 
oating. At some time, they will hit thewavelength-shifting �ber, �xed in a groove of the s
intillator. There they are absorbed and



2 EXPERIMENTAL SETUP 10reemitted into the �ber, shifted in their wavelength to green (470 nm). The �ber now dire
tlyleads the photons to a PMT.Our setup in
ludes three of these 
osmi
 ray dete
tors, ea
h 
onsisting of a s
intillator strip,a wavelength-shifting �ber and a PMT. Two of them (the "upper" and "lower" ones) ensurethat we really have a 
osmi
 ray 
rossing our setup. If both dete
tors produ
e a signal atnearly the same time, it is very likely, that one parti
le 
rossing both s
intillators, produ
edthem. (In other setups, there are more than two 
oin
iden
e dete
tors to de
rease 
oin
iden
eevents by noise of the PMTs.) By 
rossing the s
intillator strips orthogonally, a small areais sele
ted for the dete
tion of high-energeti
 parti
les, in whi
h we 
an apply a magneti
�eld.The signals from the upper and lower tubes are dis
riminated to logi
al pulses, so ea
h timeone of the PMTs dete
ts a photon 
ash, a re
tangular pulse of -0.6 V and 150 ns width isprodu
ed. If there is an overlap in the two pulses, another pulse of -0.6 V and 100 ns isgenereated by a logi
 unit and used to gate the QVT to read out the middle tube. Thus,ea
h time a 
osmi
 ray 
rosses all three s
intillators (and therefore our well-de�ned area),the upper and lower tubes produ
e signals whi
h generate a gate de�ning the time in whi
hthe QVT sums up the 
harge 
oming from the middle tube.To be sure that the signal of the middle tube arrives at the QVT during the gating signal,non-zero signal runtimes in the wires and temporal delays between input and output pulsein the logi
al units had to be 
onsidered.A magneti
 �eld (see 2.1.3) up to 380 Gauss in the dire
tion of the middle s
intillator strip
an be applied in the area de�ned by the orthogonally 
rossed upper and lower s
intillators.Be
ause of the sensitivity of the PMTs on a magneti
 �eld, we had to make sure, that themagneti
 �eld near the PMTs is far below one Gauss. At the nearest phototube (about 1meter distan
e to the 
oil) we measured a �eld of 0.5 Gauss. Nevertheless, we shielded allPMTs with mu-metal.Another problem was the heat generated by the 
oil. To prevent the s
intillator strips fromaging rapidly we wrapped it with aluminum foil, as well as the PMTs. Additionally, thetemperature near the middle tube was measured before and after a spe
trum was re
orded.Thus, if a di�eren
e in the light yield is measured with magneti
 �eld it is be
ause of the�eld and not due to the heating or a residual �eld at the PMTs.2.3 Data a
quisition2.3.1 QVTWe used the LeCroy Model 3001 QVT Multi
hannel Analyzer to analyze the data readoutfrom the middle PMT 
onne
ted to the WLS �ber and s
intillator. The QVT 
an histogram



2 EXPERIMENTAL SETUP 11any one of three parameters: 
harge (area), voltage (peak) and time (start/stop). Forour experiment we used the Q mode, whi
h has a sensitivity of 0.25 pC/
hannel. Theinput 
urrent is integrated for a duration ranging from from 20 ns to 1 �s. Ea
h of the1024 
hannels has a 
ount 
apa
ity of 16 bits. The 
ontents may be displayed in linearor logarithmi
 fashion on any X-Y os
illos
ope or a 
omputer. Using all four 256-
hannelquadrants results in a total 
harge range of 0 - 256 pC �10%. We operated the QVT via anexternally applied gate pulse (EXT GATE), whi
h was generated by 
oin
iden
e events asdes
ribed above.2.3.2 NIM and CAMACNIM (National Instrumentation Methods) is a standard modular instrumentation system,
onsisting of standard modules, the bins in whi
h they are housed and asso
iated powersupplies. NIM instrumentation for this experiment in
luded:1 Phillips S
ienti�
 Model 711 six 
hannel dis
riminator2 Phillips S
ienti�
 Model 756 quad four-fold logi
 unit3 LeCroy Model 3001 qvt multi
hannel analyzerUnfortunately, there is no possibility to 
onne
t NIM modules dire
tly to a 
omputer,so we had to make use of the CAMAC (Computer Automated Measurement And Control)instrumentation system in addition to the NIM, in order to establish a 
onne
tion between theQVT and a 
omputer. For this purpose we used: (in
luding other CAMAC instrumentation)1 LeCroy Model 2301 qvt - CAMAC2 LeCroy Model 8901A GPIB Interfa
e (to 
omputer)3 CAEN Model C243 8 Channel 100 MHz S
aler2.3.3 ComputerAs mentioned above, the data was readout to a 
omputer. An existing C program named"qvt001.
" was modi�ed for our spe
i�
 purposes. Its main task was to establish a 
onne
tionto the GPIB interfa
e and transfer the data to the 
omputer, where it was stored in a �le.We used "GNUplot" to plot and evaluate the data, i.e. �tting the data. This method wasused to determine the gain of the middle PMT(see Chapter 3: Measurements).



3 MEASUREMENTS 123 Measurements3.1 Gain of the middle PMTThe �rst property we measured was the gain of the middle PMT, in order to be able to
al
ulate the number of primary ele
trons and �nally the rough number of photons arrivingin the tube per event.The gain 
an be easily obtained by measuring the one-photoele
tron-ampli�
ation. Anenergy spe
trum is re
orded by running the setup with a fast internal gate of the QVT, asimple re
tangular wave. (The exa
t properties of the signal, like width and amplitude, don'tmatter in this 
ase.) The distribution looks typi
ally like �g. 6. For small QVT-
hannels,there are nearly no 
ounts. Then at a 
ertain 
hannel (in �g. 6 at 65) a sharp pedestalis found. This pedestal represents the 
harge the QVT re
eived by re
ording the noise ofthe PMT during the gate interval, so it 
an be regarded as the zero-point for the further
al
ulation. (In the shown plots, the pedestal is often 
ut o� by s
aling.) Next to this sharp
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Figure 6: The one-ele
tron-ampli�
ation of the middle tube at 2300Vpeak, there is a gaussian distribution, resulting from single photons whi
h rea
h the PMTdespite the box 
overing the setup. (At �rst, we applied a diode as a weak light sour
e inthe box, but we realized, that this was not ne
essary.)These single photons produ
e single primary ele
trons in the PMT, whi
h are the main
ontribution to the gaussian distribution. (The 
ontribution of two or more ele
trons 
an be



3 MEASUREMENTS 13negle
ted, but they explain the deviation of the experimental data to the gaussian �t at theright edge.)The gain is now obtained by �tting a gaussian distribution to a sensible 
hosen interval inthe spe
trum, subtra
ting the position of the pedestal from the position of the maximum ofthe gaussian distribution and deviding the 
orresponding 
harge by the elementary 
harge.The gaussian fun
tion used is:f(x) = 100
 � exp �(x� a)22b2 ! (1)with a the maximum and b the standard deviation usually denoted by �. The 100
 makessure, that the adjustments of the �tting parameters are in the same order of magnitude.With the �tting parameters in �g.6, we get the following results:QVT 
hannel of pedestal 65�tting interval (
hannels) [75; 200℄QVT 
hannel of maximum 96
harge 
orrespondent to di�eren
e 7.75 pCgain of PMT 48:4 � 106Ampli�
ation ratios of the magnitude 106 are 
ommon.Unfortunately, the PMT turned out to be very noisy at this voltage, so we had to de
reaseit. This resulted in a not so 
learly expressed gaussian as in the �rst 
ase (see �g. 7).QVT 
hannel of pedestal 65�tting interval (
hannels) [70; 200℄QVT 
hannel of maximum 74
harge 
orrespondent to di�eren
e 2.25 pCgain of PMT 14:0 � 106



3 MEASUREMENTS 14
fitting parameters for data.052:

a = 73.8576 ± 0.04317 (0.05845%)

b = 4.42609 ± 0.04692 (1.06%)

c = 126.001 ± 0.7768   (0.6165%)
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Figure 7: The one-ele
tron-ampli�
ation of the middle tube at 2017V3.2 The light-yield measurementsAfter making sure that the middle tube operates with a reasonable gain, we went on tore
ord the energy spe
trum with and without magneti
 �eld. Sin
e we are only interested inthe di�eren
e of the two spe
tra, no 
alibration work had to be done (ex
ept for the signalruntimes and the logi
al pulses' widths).Be
ause the 
oin
iden
e area that 
an be 
rossed by 
osmi
 rays is rather small, it takes along time to re
ord a spe
trum (the both shown took 5 days ea
h). Together with diÆ
ultieswith the 
alibration and the very noisy signals of the PMTs available, we were not able toobtain a lot of data. The only two sensible spe
tra are shown here, and it is obvious, thatthe value of their analysis is limited.The spe
tra (�g. 8 and 9) basi
ally look like a broadened one-ele
tron-spe
trum. Nearly no
ounts up to a 
ertain 
hannel, where a pedestal is found, followed by the energy distributionof the high energeti
 parti
les 
rossing our setup.



3 MEASUREMENTS 15

Figure 8: Cosmi
 ray spe
trum without magneti
 �eld

Figure 9: Cosmi
 ray spe
trum with magneti
 �eld



3 MEASUREMENTS 16In our spe
tra, there are small peaks left of the pedestal. Sin
e integrating over the PMTnoise should at least lead to a 
ount in the pedestal 
hannel, this is not physi
al. We triedto get rid of them by in
reasing the signal runtime of the middle PMT and adjusting thegate widths with some su

ess, but to eliminate the peak 
ompletely we would have had tode
rease our gate width below a reasonable value. (Note that the gate width is smaller thanthe internal one of the QVT as the pedestal is shifted to the left.) The pedestal itself islo
ated at 
hannel 53 in both 
ases, it is 
ut o� again due to s
aling of the plot. We usedthe Landau distribution to �t the data:f(x) = a � exp(12( r100(xp � x)� exp( r100(xp � x))))p2� (2)where xp is the maximum of the distribution. The �tting results are listed below:without magneti
 �eld with magneti
 �eld of 350 Gaussa 345:668� 6:261 (error: 1.811%) 196:822� 4:056 (error: 2.061%)r 6:18958� 0:1666 (error: 2.691%) 6:32016� 0:1957 (error: 3.096%)xp 77:7164� 0:5577 (error: 0.7177%) 76:7647� 0:6353 (error: 0.8276%)The �ts suggest a higher light yield without magneti
 �eld, whi
h is not the sensible. Re-garding the error of the �tting parameters, it is obvious, that the measured maxima do not
ontradi
t ea
h other. Sin
e the e�e
t is expe
ted to be of the order of 1%, it is 
lear, thatour setup 
an not be used to measure this e�e
t (at least not with the 
urrent 
alibrationand middle PMT). The only statement we 
an make without doubt is that the e�e
t withthe magneti
 �eld (350 Gauss) is not bigger than 5%.



4 CONCLUSIONS 174 Con
lusionsThe results of the measurements des
ribed in the last 
hapter are obviously not suÆ
ientto determine if there is any e�e
t of the magneti
 �eld on the light yield of the s
intillatorsand WLS �bers used in MINOS. However, it was possible to establish an upper limit for themaximum dependen
e on magneti
 �elds.The possible e�e
t should not be bigger than 5%. Experiments previously 
arried out atDESY ([2℄,[3℄,[4℄) indi
ate that the in
uen
e of magneti
 �elds on plasti
 s
intillators 
om-parable to ours is about 1 % in the range of 350 - 400 Gauss.From our point of view it is therefore not ne
essary to in
lude a magneti
 �eld in the Cal-ibration Module (CM) for the MINOS dete
tors. The e�e
t on the light yield is 
learly tosmall to justify the 
osts of installing a magneti
 
oil in the CM.After all, we have no experimental eviden
e that 
ould support su
h an intent.There are several proposals we 
an make for future experiments:� use of radioa
tive material instead of 
osmi
 rays to get higher 
ount rates and redu
etime of measurement� new 
onsideration of the signal runtimes� re
alibration of the logi
al pulses� use of better, i.e. less noisy, PMT



A COSMIC RAYS 18AppendixA Cosmi
 RaysCosmi
 rays were �rst dis
overed in 1912 as the 
ause for leakage in ele
trometers. Sin
ethey entered very fast the popular press, there is no stri
t s
ienti�
 de�nition of 
osmi
 rays.Popular speaking, they are "things that rain down from the heaven and are not wet".Cosmi
 rays at sea-level are generated by primary parti
les hitting the earth's outer atmo-sphere, generating 
as
ades of se
ondary parti
les.The sour
es for these primary parti
les are high energeti
 solar parti
les as well as gala
ti

osmi
 rays. The last ones hit the earth 100,000 times per squaremeter and se
ond. They
onsist mainly of protons (92%) and �-parti
les (6%). In the atmosphere, the primary par-

Figure 10: Cosmi
 ray spe
trumti
les intera
t with the nu
lei of the atmospheri
 gases (N2, O2) via nu
lear for
e. A typi
alde
ay 
as
ade is that of a proton into three pions, ea
h pion de
aying into a muon and amuon-neutrino and ea
h muon into an ele
tron, an ele
tron-neutrino and a muon-neutrino:p ! � + � + � (3)� ! �+ �� (4)� ! e� + �� + �e� (5)



A COSMIC RAYS 19(Sin
e this is a primary de
ay 
hannel, the ratio of ele
tron-neutrinos to muon-neutrinosat sea-level should be 1:2, experimentally determined was 0:64 � 0:05. The missing muon-neutrinos 
ould be easily explained, if there was an os
illation of the neutrinos.)The 
osmi
 ray sea-level 
ux depends on the lo
ation on the earth (as the earth's magneti
�eld, whi
h depends on the observers lo
ation, provides a shield against 
osmi
 rays), thedaytime and the solar a
tivity (as many of the parti
les 
ome from the sun).In our experiment, we assumed the energy distribution of the 
osmi
 ray parti
les to be
onstant during the time of measurement.Fig. 10 shows a typi
al 
osmi
 ray energy spe
trum, re
orded with our �rst setup. Sin
e thearea in whi
h 
osmi
 rays 
an be dete
ted was not redu
ed to that of the magneti
 �eld asin our �nal setup, the spe
trum is mu
h better than that shown in se
tion 3.
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