
Comparative Measurements of WLS FibersM. David, A. Gomes, A. MaioLIP and Univ. of Lisbon, Lisbon, PortugalA. HenriquesCERN, Geneva, SwitzerlandY. ProtopopovIHEP, Serphukhov, RussiaD. Jankowski, R. StanekArgonne National Laboratory, USAAbstractThe optical properties of several types of polystyrene WLS �bers are com-pared. Fibers having di�erent dopant and UV absorber concentrations, andwith di�erent claddings have been measured. Experimental results on the lightyield, light transmission, and mechanical stress tolerance of these �bers arepresented. A comparative study of those properties is done for Kuraray, Bicronand Pol.Hi.Tech �bers.1 IntroductionA comparative study of the optical properties of di�erent polystyrene WaveLengthShifter (WLS) �bers produced by Kuraray, Bicron and Pol.Hi.Tech have been per-formed in order to optimize the performance of the TILECAL/ATLAS calorimeter.Systematic measurements of the �ber light output and transmission have been doneas a function of several parameters and under di�erent physical conditions, such as:� Dopant concentration� UV absorber concentration� Fiber cladding� Mechanical stress 1



The proposed ATLAS hadronic calorimeter for the barrel and extended barrelregions will use scintillating polystyrene tiles and WLS plastic �bers to collect andtransmit light from the plastic scintillators to the photomultipliers (PMT's). In somecases the light must travel down the �bers for more than one meter and �bers withgood attenuation lengths as well as high light yield are necessary. We have lookedat the light yield as a function of the dopant concentration, as well as cladding type.Fibers from di�erent manufacturers have been tested. Table 1 lists the various typesof �bers measured and their speci�c characteristics.Furthermore, it has been shown in prior test beam results with either muons or pi-ons impinging on the crack region between scintillators, that there is an enhancementof the calorimeter response by about a factor of 1.5 [1]. This extra enhancement leadsto nonuniformity across the calorimeter and should be minimized. It is known thatcharged particles hitting WLS bars [2] or WLS �bers [3] generate Cerenkov and/orscintillation light. So to reduce this e�ect in the crack region of TILECAL we have in-vestigated the addition of small concentrations of UV absorber (UVA) to the mixtureused in commercial standard �bers.Although not being a serious problem for the TILECAL calorimeter, the degra-dation of optical transmissivity over time is a concern if the �bers are stressed bybending. To understand these factors we have measured the transmission throughWLS �bers with varying degrees of stress.In section 2 we give a brief description of the setups used and the measurementprocedures. Section 3.1 presents results on the integrated current measurements for�bers illuminated either with a blue scintillator or excited directly with a �-source.Section 3.2 compares absolute numbers of photoelectrons measured for �bers excitedwith � particles and for scintillator illuminated �bers. Section 4 presents results onlight degradation of �bers under mechanical stress. Finally in section 5 we present asummary of the results.2 Experimental setup2.1 Current measurementFibers are excited at di�erent distances (x) from an EMI9813KB bi-alkali photocath-ode photomultiplier using light from a TILECAL blue scintillator, which is excitedby electrons from a 90Sr �-source. The scintillator/�-source system moves along each�ber. In some of the measurements only the �-source itself was used to excite thelight directly in the �ber. One precise way of comparing the relative light emissionand light transmission is done by integrating the PMT current I(x). The PMT signalis read by a digital voltmeter and data acquisition is made by a Macintosh equippedwith a GPIB interface [4]. The position of the excitation source along the �ber is ob-tained from a stepping motor controller. The system was equipped with LABVIEW2



software.A reference �ber sitting in a �xed position inside the box is used to monitor thestability of these measurements. We estimate systematic errors of .2.5% [4] with a2% (sigma) error on the light yield I0, and about 6% for the attenuation length.The Bicron and Pol.Hi.Tech �bers measured in this setup are 200 cm long andKuraray �bers are 150 cm long. All �bers were polished at the end close to thePMT and the opposite end was painted black. Three �bers of each type have beenmeasured. Figure 1 shows the light output as a function of the distance to the PMTfor three BCF91A �bers. Fiber to �ber uctuations were found to be of the order of5% in the light output for each group of 3 (or 4) �bers.2.2 Number of photoelectron measurementsThe system for measuring the absolute number of photoelectrons Npe has been de-scribed elsewhere [5] but will be summarized here. 3 MeV electrons are selected froma 106Ru source by a spectrometer. The electrons from the 106Ru source are requiredto excite a pair of trigger scintilators, thus ensuring the selection of a MIP. Samplesof �bers or scintillator are taped to a plate perpendicular to the electron beam. Thisplate is precisely translated in either the vertical (y) or the horizontal (x) plane bymeans of a computer controlled stepping motor.Light output from scintillator samples are coupled through �bers to a Hamma-matsu R580 phototube. When scanning �bers, these �bers are directly coupled tothe phototube. The contact to the PMT is through optical grease. The output of theR580 is digitized, gated by the scintillator coincidence, and the ADC distribution isrecorded for 2000 triggers per (x,y) coordinate.We estimate the source width to be about 1.5 - 2 mm FWHM. Systematic errorassociated with the manipulation of the �bers at the PMT is estimated at around5%.A set of �bers placed in the y direction were driven past the �-source, illuminatedat 50 cm from the PMT in order to measure the direct (Cerenkov and/or scintillation)light yield in the �bers. The ADC distributions were recorded as a function of theillumination position (x).The light output along the length of the �ber was measured in a similar way asdescribed above but using the scintillation light to illuminate the �bers. The ADCdistribution was measured as the �ber contact point to the scintillator was variedfrom 30 cm to 90 cm with 10 cm steps.All �bers for the Npe measurements were 100 cm long, also blackened on the farend. 3



3 Comparative resultsWe compare the response to the scintillator light from some typical �bers from Bicron,Kuraray and Pol.Hi.Tech in Fig. 2. In this �gure we plot the light output I(x) of the�bers as a function of the distance x from the excitation point to the PMT. Thesevalues can be �tted with the sum of two exponentials as follows:I(x) = I01 exp�� xL1�+ I02 exp�� xL2� (1)L1 - Short attenuation length (in cm).L2 - Long attenuation length (in cm).I01 + I02 - Light yield at x = 0 cm.All the data were �tted with Eq. 1 and the light yield and attenuation lengthparameters are used for comparison purposes.Figure 3 shows the ratio of the signal for each typical �ber type normalized to theBCF91A �ber as a function of x. Figure 4 shows the signal output at x=140 cm foreach typical �ber type normalized to the BCF91A �ber at the same x.3.1 Light yield and transmission. Current measurements.3.1.1 E�ect of the dopant concentrationIn this section we present the e�ect of dopant concentration in the light yield and lighttransmission of the �bers. The scintillator light was used to illuminate the �bers. Forthis purpose we have studied several types of �bers:� BCF91A (concentration 1x), BCF-99-28 (conc. 2x) and BCF-99-36 (conc. 4x)from Bicron.� S048-2-100 (conc. 2y), S048-3-100 (conc. 3y), S048-4-100 (conc. 4y) and S048-6-100 (conc. 6y) from Pol.Hi.Tech.� Y7, Y8, Y9, Y10 and Y11 from Kuraray. For these �bers dopant concentrationis given in ppm (inside brackets).Bicron and Pol.Hi.Tech �bers used in this concentration e�ect study come froma special production for this purpose. In table 2 and Figs. 5, 6 and 7 experimentaland �t results are presented. We observe that the light yield extrapolated by the�t to x=0 cm (I0T = I01 + I02), increases slightly with the dopant concentration4



for Bicron and Kuraray �bers, while the Pol.Hi.Tech �bers show a strong increasewith a maximum yield about 4y for the extrapolated light yield and this maximumis already reached for 3y at x=140 cm. For the Y7 �bers this maximum is obtainedfor concentrations > 250 ppm.Referring to table 2 for clarity, we point out several features. For almost all the�bers, the short attenuation length L1 decreases with increasing dopant concentra-tion. The long attenuation length L2 for the Bicron �bers remains approximatelyconstant (240 cm), but for Pol.Hi.Tech �bers L2 decreases from 290 cm to 135 cmwhen concentration increases from 2y to 6y . For Y11 and Y7 �bers both L1 and L2decrease with increasing concentration.Comparing the light output of all �bers at x=50 cm and x=140 cm it is seenthat increasing the dopant concentration does not necessarily lead to an increase inlight output at all values of x even though I0T increases with increasing dopant. Thisis simply an e�ect of Eq. 1 where the light output is a product of the attenuationand the local yield. This point is most dramatic for the S048 �bers where we see apeak light output at the 3y concentration at x=95 and 140 cm. Similarly, for Y11�bers the decrease in attenuation length is masked by the increase in light yield whenthe dopant concentration increases. The yield at 250 ppm is about the same as for400 ppm, even though I0T increases. For the Y7 �bers a saturation is visible fordopant concentrations > 150 ppm at x > 50 cm.For any �ber type, a compromise between light yield and attenuation length asfunction of dopant concentration should be settled. Further studies with smallerUVA concentrations, with other types of double clad �bers under development bythe manufacturers, and with PMT's similar to the ones to be used in TILECAL areenvisaged.3.1.2 E�ect of the UV absorber concentrationAs in section 3.1.1, Bicron �bers with di�erent percentages of UVA were measuredusing excitation light from the scintillator to study the e�ect of this parameter in thelight yield and light transmission. The light output I(x) is shown in Fig. 8.Experimental and �t results are summarized in table 3. The short (L1) and thelong (L2) attenuation lengths decrease when the concentration of UVA increases,especially L2, which goes from 227 cm to 88 cm with the addition of 2.0% of UVA.The total light yield I0T stays roughly the same for all �bers, but as discussed above,due to the strong decrease in attenuation length, I(x) at x > 50 cm decreases whenUVA concentration increases.We observed that the WLS �bers with polystyrene base produce light when excitedwith a radioactive source and, as mentioned before, with high energy e�, �� and �beams. This light could come from the Cerenkov light produced inside the �berssubsequently shifted to the emission spectra of the �bers, or scintillation light coming5



from the polystyrene base. To study the direct light output produced by chargedparticles, the scintillator was removed from the setup and the �bers were exciteddirectly with electrons from the 90Sr �-source.Experimental and �t results are shown in table 4. Fig. 9 and table 4 shows thedirect light output for the several Bicron �bers with di�erent UVA concentrations.From Fig. 9 we can see that to supress the e�ect of light produced directly by chargedparticles a concentration smaller than 0.06% can be used. Those results show thatthere is still place for a better compromise between high light output and good uni-formity on the tile/�ber system.3.1.3 E�ect of the claddingMost of the �bers tested have a single PMMA cladding. Kuraray also produces �berswith uorinated PMMA cladding and double clad �bers. The 1 mmdouble clad �bersconsist of a �ber core 880 micron diameter, an inner cladding and an outer cladding,both 30 micron thick [6].From the results presented in Figs. 2, 3 and 4 it is shown that for the Kuraray�bers a factor of 1.25 in light output at 140 cm is obtained when comparing doubleand single clad Y11(200) �bers. From those results it is also shown that a factor of1.30 in light output at 140 cm can be achieved when the response of Y11(200)MS�bers is compared with the response of Bicron �bers.Since the several �bers under tests do not necessarily have the same spectral lightoutput and di�erent PMT's are used in bench tests, systematic measurements havebeen performed using phototubes with di�erent spectral quantum e�ciency. Besidesthe EMI9813KB "blue" PMT used in the tests reported above, typical �bers have alsobeen tested with the green extended Philips XP2081B and with the Philips XP2012used also in the TILECAL prototype. The spectral quantum e�ciency of the PMTforeseen to be used in ATLAS is somewhere between that of the EMI9813KB andthe XP2081B. In table 5 we present a summary of these comparisons for x ' 40 and140 cm. The values in the table are light outputs normalized to the response of thestandard BCF91A �bers. For �bers Y11(200)MS at x=140 cm a factor of 1.30 isobtained for the EMI9813KB while a factor of 1.6 is obtained when an XP2012 isused. This result was clearly con�rmed in test beam with the TILECAL prototype [7].3.2 Light yield and transmission. Number of photoelectronsmeasurementsPhotoelectron yield is calculated in the following manner. First the ADC is calibratedwith an LED generating a relatively large amount of light. The number of photoelec-trons (Npe) from the LED can then be calculated from the mean and width of theADC spectrum: 6



Npe = (< ADC >� )2 (2)We now know the calibration constant between mean ADC channel and Npe.For our samples, the mean ADC channel is calculated using all the ADC channels,including zero. It is this mean channel times the calibration constant which is usedto calculate the Npe yield. Note that the calibration done for a region of relativelylarge amount of light is extrapolated for the region of small number of photoelectrons(Npe <1).3.2.1 Fiber response to electronsFigure 10 shows typical responses from the �bers as a function of the source positionacross them.The data from each �ber is �t to a gaussian as shown. The widths of all thesecurves are fairly constant, and the mean � is 0.85 mm which is consistent with thewidth of the �-source. Since the zeros in the ADC distribution can come from bothine�ciency in the �ber as well as triggers where the electron does not pass throughthe �ber, we need to correct the measured photoelectron yield for the width of thebeam. From the measured width of 0.85 mm, a correction factor of 2.7 is calculatedand applied to the uncorrected values.3.2.2 E�ect of the dopant concentrationFor the light output of �bers excited by scintillator light, we can parametrize thephotoelectron yield with Eq. 1. The light yield using this parametrization is shownin Fig. 11 as a function of dopant concentration. Those results show that there isonly a weak dependance of the light yield on dopant content for the Bicron, whilethe Pol.Hi.Tech �bers show a maximum yield at about 3-4y, in agreement with thecurrent measurements described in section 3.1.1.In Fig. 12 it is shown, for �bers excited by MIP's, the photoelectron yield as a func-tion of dopant concentration for Bicron and Pol.Hi.Tech. The trend for Bicron showsan increasing light yield as the dopant is increased, while the trend for Pol.Hi.Techshows a maximum at about 3y concentration. A summary of the photoelectron yieldsfor the various conditions discussed above are given in tables 6 - 7. Similar resultsare obtained with the current measurements, see Figs. 5, 6 and 7 and table 2.Those results show that the slight increase of light output with the dopant con-centration is followed by an increase in direct response to MIP's. For calorimeterpurposes not only lhe level of light output is important but also the non uniformityacross the calorimeter. The choice of the dopant concentration should take into ac-count the ratio between the �ber response to scintillator light and to MIP's.7



3.2.3 E�ect of the UV absorber concentrationFigure 13-top and table 8 show the light output measurements at 50 cm from the PMTas a function of UVA concentration for the Bicron �bers excited by MIP's. Those re-sults should be compared with the current measurements (Fig. 13-bottom), presentedalso in Fig. 9 and table 4. We see that the addition of the slightest amount (0.06%)of UVA quenches the direct light, and that the addition of higher concentrations haslittle additional e�ect.In Fig. 14 and table 9 are presented the light output measurements for Bicron�bers excited by the tilecal scintillator. Those results should also be compared withcurrent measurements (Fig. 8 and table 3).Although the direct light is dramatically reduced as the UVA concentration in-creases, the light induced by the scintillator is reduced only by about 20% with theaddition of a small amount of UVA, both for the near light component, as well as thefar light component.Those results show that it is still possible to reduce signi�cantly the direct light byusing UVA concentrations less than 0.06%. A compromise between low productionof direct light and high intensity of the light induced by the scintillator should beachieved.The summary of the results presented in sections 3.2.2 and 3.2.3 is shown inFig. 15.4 Stress resistanceA decrease of attenuation length due to micro-cracks of plastic �bers under stress isa cause of �ber ageing. We investigate the ageing as a function of the stress frombending �bers at di�erent radii.We parametrize the fragility of the �bers as the ratio of attenuation lengths for45 cm long �bers after stressing to before stressing, Lr = Lpost�stress=Lpre�stress.Fibers were bent with diameters of 5, 7.5, 10, 15, 20 cm and kept in this state for100 hours. After this time period the light output was again measured with the �berstraight.Typical behaviour of the �bers is shown in Fig. 16. The relative light attenuationlength Lr for Y7 and BCF99-28A is shown as a function of the bending diameter.In the diameter range 10-15 cm an intensive cracking of Y7 starts which leads toa fast decrease of the attenuation length. The diameter 16 mm corresponds to thephysical breaking point of a Y7 �ber. For BCF99-28A �bers the breaking diameterDbreak is smaller than 1 mm. These results indicate a relationship between fragilityand Dbreak, thus giving an opportunity to estimate �ber fragility by measuring itsbreaking diameter. 8



Dbreak for the di�erent types of WLS �bers are given in table 10. Light outputof 3 types of WLS �bers at a distance 40 cm from PMT after stress is shown intable 11. These results show that Bicron �bers can be bent without damage up tovery small radii, and the same is valid for RK-27 �bers produced by INR, as well asfor Kuraray 'S' type �bers.We know from Kuraray that 'S' type means that a little di�erent condition of�ber drawing is used to improve the mechanical strength under bending. In fact theexample shown in table 10 of Y11(200)MS ilustrates this characteristic. Some of thePol.Hi.Tech �bers show also promising mechanical stress properties.5 SummaryA comparative study of the optical properties of Bicron, Pol.Hi.Tech and KurarayWLS �bers have been performed as a function of several parameters. The experimen-tal results are summarized as follows:� The light yield increases with the dopant concentration at the expense of somedecrease in the attenuation length. The optimal concentration for Bicron �bersis about 3x, for S048 �bers it is about 4y, and for Kuraray Y11 it is less than250 ppm.� The light produced by WLS �bers when excited with ionizing radiation is notnegligible, leading to non-uniformities in the calorimeter. This e�ect can bestrongly reduced using an UV absorber.Direct light induced by ionizing radiation is strongly reduced as the UVA con-centration increases, while light induced by the scintillator is reduced veryslightly (about 20%). Optimization is still possible using UVA concentrationless than 0.06%.� Double cladding Y11(200) �bers from Kuraray present the highest light outputfor scintillator-PMT distances greater than 100 cm. A factor of 1.6 is obtainedwhen compared with the response of BCF91A �bers using an XP2012 PMT.� Some of the Pol.Hi.Tech �bers show promising mechanical properties. Fragilityof Bicron and Kuraray 'S' type �bers are acceptable for the TILECAL calorime-ter.References[1] TILECAL internal comunications 9
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Company Fiber type Concent. Concent. of Type ofof dopant UV absorber claddingBicron BCF-91A 1x - SingleBCF-99-28 2x - SingleBCF-99-36 4x - SingleBCF-99-28XA 2x 0.06% SingleBCF-99-28XB 2x 0.25% SingleBCF-99-28XC 2x 1.00% SingleBCF-99-28XD 2x 2.00% SinglePol.Hi.Tec. S048-100 ? - SingleS048-2-100 2y - SingleS048-3-100 3y - SingleS048-4-100 4y - SingleS048-6-100 6y - SingleS049-2-100 2y - SingleS053-2-100 2y - SingleS054-2-100 2y - SingleKuraray Y7(60) 60 - SingleY7(100) 100 - SingleY7(150) 150 - SingleY7(150)N 150 - Single,.PMMAY7(250) 250 - SingleY8(100) 100 - SingleY8(150) 150 - SingleY8(250) 250 - SingleY9(30) 30 - SingleY9(50) 50 - SingleY9(100) 100 - SingleY10(50) 50 - SingleY10(100) 100 - SingleY10(200) 200 - SingleY11(100)M-S-type 100 - DoubleY11(200)S-type 200 - SingleY11(200)M-S-type 200 - DoubleY11(250) 250 - SingleY11(400) 400 - SingleTable 1: Speci�cation of the several types of �bers.x is the nominal concentration of dopant given by Bicron.y is the nominal concentration of dopant given by Pol.Hi.Tec.For Kuraray �bers the dopant concentration is given in p.p.m.11



Fiber type Dopant L1 L2 I0T I(50 cm) I(95 cm) I(140 cm)conc. (cm) (cm)BCF91A 1x 19.3 242 2.18 1.07 0.82 0.69BCF-99-28 2x 15.7 227 2.40 1.00 0.78 0.64BCF-99-36 4x 14.4 247 2.49 1.03 0.83 0.70S048-2-100 2y 16.7 290 0.86 0.45 0.36 0.32S048-3-100 3y 16.6 281 1.50 0.74 0.62 0.53S048-4-100 4y 15.8 169 1.72 0.77 0.58 0.46S048-6-100 6y 16.2 135 1.69 0.61 0.39 0.29Y11(250) 250 14.3 217 2.43 1.06 0.83 0.69Y11(400) 400 12.7 211 2.56 1.04 0.81 0.68Y7(60) 60 21.6 235 1.11 0.58 0.46 0.37Y7(100) 100 20.9 195 1.40 0.67 0.51 0.39Y7(150) 150 20.2 188 1.69 0.79 0.59 0.45Y7(250) 250 18.2 168 1.95 0.79 0.58 0.43I6cmY8(100) 100 0.62 0.32 0.25 0.20Y8(150) 150 0.74 0.40 0.31 0.25Y8(250) 250 0.93 0.52 0.36 0.28Y9(30) 30 1.06 0.55 0.41 0.31Y9(50) 50 1.39 0.69 0.47 0.32Y9(100) 100 1.69 0.67 0.41 0.24Y10(50) 50 1.37 0.72 0.52 0.39Y10(100) 100 1.62 0.76 0.53 0.36Y10(200) 200 1.73 0.69 0.43 0.27Table 2: Light output for �bers with di�erent concentrations of dopant.Fibers were illuminated with scintillator light. L1 and L2 are the short andthe long attenuation lengths respectively, taken from equation 1. I0T is the light yieldat x=0 cm taken from the �t. I(50 cm), I(95 cm) and I(140 cm) are the measuredlight outputs at 50, 95 and 140 cm from the PMT, respectively.12



Fiber type Fiber UVA L1 L2 I0T I (50 cm) I (95 cm) I (140 cm)# conc. (cm) (cm)BCF-99-28 1 0% 15.1 226 2.43 1.01 0.75 0.65BCF-99-28 2 0% 15.9 221 2.41 1.02 0.81 0.65BCF-99-28 3 0% 16.0 236 2.36 0.98 0.76 0.64Average 15.7 227 2.40 1.00 0.78 0.64BCF-99-28XA 1 0.06% 14.2 159 2.27 0.81 0.58 0.44BCF-99-28XA 2 0.06% 19.7 173 1.99 0.76 0.53 0.41BCF-99-28XA 3 0.06% 12.5 153 2.59 0.90 0.65 0.48Average 15.5 161 2.28 0.83 0.59 0.44BCF-99-28XB 1 0.25% 14.0 135 2.42 0.89 0.62 0.44BCF-99-28XB 2 0.25% 12.7 132 2.52 0.90 0.62 0.44BCF-99-28XB 3 0.25% 16.1 139 2.24 0.91 0.63 0.45Average 14.3 135 2.39 0.90 0.62 0.44BCF-99-28XC 1 1.00% 13.2 108 2.21 0.71 0.45 0.31BCF-99-28XC 2 1.00% 13.7 115 2.43 0.81 0.53 0.37BCF-99-28XC 3 1.00% 14.3 100 2.06 0.70 0.41 0.27Average 13.7 108 2.23 0.74 0.46 0.32BCF-99-28XD 1 2.00% 11.4 85 2.35 0.68 0.39 0.24BCF-99-28XD 2 2.00% 12.7 91 2.36 0.72 0.42 0.26BCF-99-28XD 3 2.00% 10.9 87 2.66 0.73 0.43 0.27Average 11.7 88 2.46 0.71 0.41 0.26Table 3: Light output for �bers with di�erent concentration of UV absorber.Fibers were illuminated with light from a Tilecal scintillator. L1 and L2 arethe short and the long attenuation lengths respectively, taken from equation 1, I0Tis the light yield at x=0 cm taken from the �t, I (50 cm), I (95 cm) and I (140 cm)are the measured light outputs at 50, 95 and 140 cm from the PMT.
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Fiber type UVA L1 L2 I0T I (50 cm) I (95 cm) I (140cm)conc. (cm) (cm)BCF-99-28 0% 15.1 249 2.78 1.22 0.96 0.82BCF-99-28XA 0.06% 14.1 207 0.66 0.25 0.19 0.16BCF-99-28XB 0.25% 11.3 180 0.55 0.19 0.15 0.12BCF-99-28XC 1.00% 10.2 162 0.49 0.13 0.10 0.08BCF-99-28XD 2.00% 10.4 120 0.42 0.12 0.08 0.06Table 4: Light output (Cerenkov or scintillating) for �bers with di�erentconcentration of UV absorber illuminated with electrons from a 90Sr �-source. L1 and L2 are the short and the long attenuation length respectively, takenfrom equation 1, I0T is the light yield at x=0 cm taken from the �t, I(50 cm), I(95 cm)and I(140 cm) are the measured light outputs at 50, 95 and 140 cm from the PMT.PMT XP2012 XP2081B EMI9813KBx (cm) 140 140 140 45 40 140 140Ref. 1 2 3 4 5 6 7FiberBCF91A 1 1 1 1 1 1 1S048-100 - - 0.94 - 0.91 - 0.96Y11(200)MS 1.6 1.6 1.51 - 1.14 - 1.30Y11(200)S 1.2 - - 1.04 0.92 1.02 1.07Y11(100)MS 1.4 - - 0.94 1.03Y11(100)S 1.2 - - 0.90 - 0.93 -Y7(150)N 1.1 - - 0.71 - 0.61 -Y7(150) 0.9 - - 0.74 - 0.63 -Table 5: Summary of light output for several �bers, for typical distancesand for several photomultipliers. All values are relative to BCF91A �bers.Ref. 1- one pair of �bers. Ref. 2- Test beam results. Ref. 3- two pairs of �bers.Refs. 4,6- 1.5 m long �bers, neither black painted nor polished at the side oppositeto the PMT. Refs. 5,7- 2.2 m long �bers, also polished at the side opposite to PMT.14



Fiber type Conc. dopant I (50 cm) I (95 cm) Npe (50 cm) Npe (90 cm)BCF91A 1x 1.06 0.82 0.77 0.55BCF-99-28 2x 1.01 0.78 0.75 0.52BCF-99-36 4x 1.03 0.83 0.82 0.59S048-2-100 2y 0.43 0.36 0.28 0.13S048-3-100 3y 0.74 0.62 0.34 0.19S048-4-100 4y 0.77 0.58 0.57 0.12S048-6-100 6y 0.60 0.39 0.13 0.08Table 6: Light output for �bers with di�erent concentrations of dopant.Fibers were illuminated with scintillator light. Npe (50 cm) and Npe (90 cm)are the photolectron yields measured at 50 and 90 cm from the PMT. For comparison,the measured currents I (50 cm) and I (95 cm) at 50 and 95 cm are also given.
Fiber type Conc. dopant NpeMAX (50 cm)BCF91A 1x 0.38BCF-99-28 2x 0.46BCF-99-36 4x 0.57S048-2-100 2y 0.19S048-3-100 3y 0.35S048-4-100 4y 0.30S048-6-100 6y 0.19Table 7: Light output (Cerenkov or scintillating) for �bers with di�erentconcentration of dopant illuminated with electrons from a 90Sr �-source.NpeMAX (50 cm) is the peak photolectron yield measured at 50 cm from the PMT.15



Fiber type UV absor. I (50 cm) NpeMAX (50 cm)concent.BCF-99-28 0% 1.22 0.46BCF-99-28XA 0.06% 0.25 0.14BCF-99-28XB 0.25% 0.19 0.05BCF-99-28XC 1.00% 0.13 0.08BCF-99-28XD 2.00% 0.12 0.03Table 8: Light output (Cerenkov or scintillating) for �bers with di�erentconcentration of UV absorber illuminated with electrons from a 90Sr �-source. I (50 cm) and NpeMAX (50 cm) are the relative current and peak photolectronyield measured at 50 cm from the PMT.
Fiber type Conc. UV absor. I (50 cm) I (95 cm) Npe (50 cm) Npe(90 cm)BCF-99-28 0% 1.01 0.78 0.75 0.52BCF-99-28XA 0.06% 0.81 0.59 0.73 0.41BCF-99-28XB 0.25% 0.89 0.62 0.52 0.35BCF-99-28XC 1.00% 0.71 0.46 0.61 0.38BCF-99-28XD 2.00% 0.68 0.41 0.51 0.28Table 9: Light output for �bers with di�erent concentrations of UVA. Fiberswere illuminated with scintillator light. Npe (50 cm) and Npe (90 cm) are thephotolectron yields measured at 50 and 90 cm from the PMT. For comparison, themeasured current I (50 cm) and I (95 cm) at 50 and 95 cm is also given.16



Fiber type D break (mm)BCF-91A < 1BCF-99-36 3BCF-99-28 < 1BCF-99-28XA < 1BCF-99-28XB < 1BCF-99-28XC 3BCF-99-28XD < 1S048-2-100 16S048-3-100 11S048-4-100 10S048-6-100 6S049-2-100 18S053-2-100 10S054-2-100 2Y11(200)M-S-type < 1Y7(100) 16Y7(180)M 12Y8(150) 18Y11(200) 12Table 10: Breaking diameter for several �ber types.
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Fiber type D curvature (mm) relative light outputin the distance 40 cmfrom PMT, %Y7(100) 200 100150 98100 3275 2050 12BCF-99-28A 200 100150 100100 10075 9950 97RK-27 200 100(INR, Moscow) 50 10042 97Table 11: Mechanical stress. Variation of light output with curvature diameter.
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Figure 1: Light output of 3 BCF91A �bers as function of the distance x of excitationpoint to the PMT. Fibers illuminated with TILECAL scintillator light.19



Figure 2: Light output for some typical �bers from Bicron, Kuraray and Pol.Hi.Tech.Fibers illuminated with TILECAL scintillator light.20



Figure 3: Typical �bers. Light output is normalized to the BCF91A �ber for eachdistance. Fibers illuminated with TILECAL scintillator light.21



Figure 4: Light output at x=140 cm for some typical �bers (normalized to BCF91A).Fibers illuminated with TILECAL scintillator light.22



Figure 5: Light output for Bicron �bers with di�erent dopant concentrations. Fibersilluminated with TILECAL scintillator light.23



Figure 6: Light output for Y7 �bers with di�erent dopant concentrations. Fibersilluminated with TILECAL scintillator light.24



Figure 7: Light output for Pol.Hi.Tech �bers with di�erent dopant concentrations.Fibers illuminated with TILECAL scintillator light.25



Figure 8: Light output for Bicron �bers with di�erent UVA concentrations. Fibersilluminated with TILECAL scintillator. 26



Figure 9: Light output (Cerenkov or scintillating) for Bicron �bers with di�erentconcentrations of UV absorber. Fibers illuminated with electrons from a 90Sr �-source. 27



Figure 10: Typical �ber photoelectron yield to a MIP. The photoelectron yield isnot corrected for the width of the �-source. Fibers illuminated with electrons from a106Ru �-source. 28



Figure 11: Light yields for �bers with varying concentrations of dopant. x is thestandard Bicron concentration, and y is the standard Pol.Hi.Tech concentration. Thetop �gure shows the photolectron yield measured for Bicron and Pol.Hi.Tech withthe scintillator at 50 cm from the PM. For comparison, the bottom �gure shows therelative currents measured at the same distance. Fibers illuminated with scintillatorlight. 29



Figure 12: Light output (Cerenkov or scintillating) for �bers with varying concentra-tions of dopant from Bicron and Pol.Hi.Tech. Peak photolectron yield measured at50 cm from the PMT is shown. 30



Figure 13: Light output (Cerenkov or scintillating) for �bers with varying concen-trations of UVA from Bicron. The top �gure shows the peak photolectron yieldmeasured at 50 cm from the PM. For comparison, the bottom �gure shows the therelative current measured at 50 and 140 cm.31



Figure 14: Light yields for BCF99-28 �bers with varying concentrations of UVA.The top �gure shows the photolectron yield at 50 and 90 cm from the PMT. Forcomparison, the bottom �gure shows the relative currents. Fibers illuminated withscintillator light. 32



Figure 15: Summary of the light output (Cerenkov or scintillation) for some of the�bers tested (di�erent dopant and UVA concentrations). NpeMAX is the peak of thephotoelectron distribution. 33



Figure 16: Relative attenuation length as function of curvature radius for BCF99-28Aand Y7 �bers. The lines are only to guide the eye.34


