
DIRAC 00-03Monte Carlo Calculation of Pionium BreakupProbabilityCibr�an Santamarina R��os aaUniversidade de Santiago de Compostela.A precise calculation of pionium breakup probability (Pbr) in atarget with a given Z is performed by solving the evolution equationsystem with a Monte Carlo method. The matrix elements of thissystem are calculated in the Born approximation making use of thedipole form factors. The results obtained are compared with thoseof the DIRAC technical proposal.1 IntroductionThe DIRAC experiment is dedicated to measure the pionium lifetime. In orderto reach this goal a spectrometer is working at CERN specially designed todetect low relative momentum (q) �+�� pairs. The yield of pair productionat q < 1 MeV=c is the physical signal from which we can obtain the breakupprobability (Pbr) for pionium in a thin target foil (of the order of tenths ofmillimetre thickness). The breakup probability is a unique function of thepionium 1s state lifetime � which we discuss in detail in this report. Thelifetime measurement requires a precise knowledge of Pbr as a function of � .We have used a Monte Carlo technique to evaluate this function, as we describein section 3, and we have checked the compatibility of this procedure with theresults obtained in the technical proposal [1] and in [7] by L.G. Afanasyev.2 Atomic productionThe mechanism of pion atom production is the Coulomb interaction between�+�� pairs in the reaction p+A ! �+��+ X reaction [3]. The role of the �+�� double inclusive production as the source of pions leading to a bound stateof quantum number nlm is explicitly expressed in the pionium productionDraft 7 June 2000
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+Fig. 1. Production mechanism of pionium.cross-section: d�A(n; l;m)dP = (2�)3 EM j nlm(0)j2 d�0sdp�+dp�� ; (1)where the superscript 0 in the double inclusive cross-section indicates the ne-glect of Coulomb �nal state interactions and the subscript s takes into accountthat only short-lived sources can yield pion atoms. This double inclusive cross-section is evaluated for pions at equal momenta (p�+ = p�� = P=2). Hence,since hydrogen-like wave functions at origin verify:j nl(0)j2 = 8><>: 0 if l 6= 0;1a��n3 if l=0; 1 (2)we see that only s states are created, with rate proportional to 1=n3.2.1 A direct estimation of pionium spectrum from experimental data.As explained in appendix A, equation (1) can be rewritten in spherical coor-dinates as: d�A(n; l;m)dPd� = j nl(0)j226(2�)3MA EPPt d�0sdPd�dPd� ; (3)where the azimuthal angle dependence can be suppressed. This means thatthe atom spectrum can be obtained once the �+�� double inclusive cross-section of �+�� pairs from short lived sources is known. We have developed aprocedure to make an estimation of this double inclusive cross-section makinguse of the DIRAC experimental data.Hence we have chosen particle pairs within a time window of 0.5 ns. Thesepairs have a high probability of being emitted from the same proton�nucleus1 In this equation a� is A2� Bohr radius: a� = 2�m� = 387fm:2
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Fig. 2. Comparison of real pairs momentum distribution weighted with E=PPt. Twodi�erent cases are shown, the solid line refers to low relative momenta and thedashed line to high ones. Data corresponds to the Nickel target.interaction. We then calculate the momentum spectrum of these pairs (jp1 +p2j) weighted with the E=PPt factor 2 for those pairs with relative momentumlower than 5 MeV/c and compared it with the spectrum for those pairs with arelative momentum higher than 5 MeV/c (see Fig. 2). This comparison showsthat the pion double inclusive cross-section does not depend strongly on therelative momentum and that an estimate of the spectrum at zero relativemomentum can be made with such a cut 3 . In particular, the inuence ofCoulomb interaction in the jp1 + p2j spectrum is very small, and can beneglected.However, since pionium is created only from short-lived sources of �+�� pairsand all sources (short-lived and long-lived) are present in the real data, we needto evaluate the ratio between both sources. As explained in appendix B thisratio was obtained by making use of the FRITIOF hadron Monte Carlo and itcan be seen in Fig. 3. The real pionium spectrum is obtained multiplying thesolid spectrum of Fig. 2 times the spectrum of Fig. 3. The resulting distributionis shown in Fig. 4.2 The resulting distribution would be proportional to:Spectrum from DIRAC data / Z EPPt d�dPd�dPd� d� (4)3 This study is only preliminary and a deeper analysis should be made.3
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Fig. 3. Ratio of �+�� pairs from short-lived sources in Nickel.
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Fig. 4. Pionium spectrum compared with the weighted double inclusive cross-section.Both spectra from a Nickel target.With the initial spectrum of pionium, the relative weight 1=n3 for the initial sbound states, and considering that the atoms are randomly created all alongthe target width 4 we have all the ingredients for the description of the initialparameters of atoms in the creation stage of our Monte Carlo method.4 This is because the nuclear interaction length is much larger than the width ofthe targets of DIRAC experiment. 4



3 The atom transport through the targetOnce the atoms have been created they propagate inside the target material.This propagation is determined by pionium interactions with target nuclei andannihilation probability. Collisions with orbital electrons can be neglected [6].After a collision with a target nuclei, the atom may excite into a boundstate (the corresponding cross-section for these events indicated by the symbol�n0l0m0nlm ) or ionize into the continuum (for which the cross-section symbol willbe �ionnlm). The total electromagnetic cross-section interaction is related to thediscrete-discrete transitions and the ionization cross-section by:�totalnlm = �ionnlm + 1Xn0=0 n0�1Xl0=0 l0Xm0=�l0 �n0l0m0nlm : (5)The electromagnetic collisions will therefore compete with the annihilationprocess via the �+ + �� ! �0 + �0 channel.The total probability of pionium-target collisions is well described by the �rstBorn approximation total cross-section [6] [4] given by:�totalnlm = 12��2 1Z0 ��� ~U (q)���2 (1� F nlmnlm (q))qdq; (6)which quanti�es the probability for a pionium state nlm to undergo an elec-tromagnetic interaction with a target nuclei.In particular the probability of discrete-discrete excitation (nlm! n0l0m0) isgiven by the cross-section [4]:�n0l0m0nlm = 1 � (�1)l�l0��2 1Z0 ��� ~U (q)���2 ����F n0l0m0nlm �q2�����2 qdq (7)In equations (6) and (7) q is the momentum transfer to the scattered atom, �its velocity, and the functions F n0l0m0nlm (q) are called atomic form factors whichare de�ned as: F n0l0m0nlm (q) = Z  �n0l0m0(r)eiqr nlm(r)dr (8)where the  nlm(r),  n0l0m0(r) are the hydrogen-like wave functions of the atomin the initial and �nal states respectively.5



These form factors have been calculated analytically [6] and we have incorpo-rated the corresponding expressions into our Monte Carlo code.The form factors between discrete states and continuum states have not beencalculated in such a useful way 5 . It has been only recently that direct re-sults of ionization cross-sections have been obtained and the analysis of directcalculations for the ionization probabilities will be published shortly [9].The function ~U (q) is the Fourier Transform of the Moli�ere parametrization ofthe Thomas-Fermi potential U(r):~U(q)= 8�Z  0:35q2 + �21 + 0:55q2 + �22 + 0:10q2 + �23! (E�a3�) (9)U(r) = Z2r �0:35e��1r + 0:55e��2r + 0:10e��3r� E� 6 (10)with �1 = 0:3Z1=30:855a0 �2 = 4�1 �3 = 5�2; (11)where a0 = :52910�10 m is the Bohr radius of Hydrogen atom. Of course thiskind of parametrisation allows us to change easily the target material.Once we have been able to calculate the interaction cross-sections we will tryto solve the di�erential equation system that describes the evolution of theatoms in the target. dpnlm(s)ds = Xn0l0m0 an0l0m0nlm pn0l0m0(s); (12)where pnlm are the di�erent states population, and s is the distance travelledby the atom in the target. The an0l0m0nlm are the di�erent transition probabilitiesper unit of length and are directly related to the transition cross-sections by:an0l0m0nlm = �n0l0m0nlm �N0A ; (13)5 Actually there is a complete calculation of hydrogen-like form factors in [10] butthey are described in a group theory formalism which makes it unavailable forpractical uses.6 E� is the Rydeberg energy for A2� atom, which corresponds to 1.86 keV6



if nlm 6= n0l0m0 and by:anlmnlm = ��totalnlm �N0A �8><>: 2m�=Pc�n00 for nS states;0 otherwise; (14)if we talk about a diagonal element of the an0l0m0nlm matrix. In these equations �is the density of the target material, A its atomic weight and N0 the Avogadronumber. In equation (14) P is the atom momentum, �n is the lifetime for thecorresponding nS state, c is the speed of light and m� the pion mass.The lifetime for the di�erent s states of pionium is related by [1]:�n00 = �100n3 (15)where �100 is the lifetime of 1s state. This lifetime is the unknown we shallmeasure in DIRAC and which we will relate to a direct measurable magnitude,the breakup probability.As a �rst corollary of equation (14) we can calculate the mean free path (�)of pionium in the target:1� = 1�anh + 1�int = �totalnlm �N0A +8><>: MP�nlm if l = 0;0 Other case. (16)So, the probability for an atom to travel a distance x inside the target andthen interact in a region of width dx is given by:p(x)dx = 1�e�x�dx; (17)which is the equation in which we will base the transport stage of our MonteCarlo calculation of the breakup probability.Some calculated values of mean free paths are given in Table 1.4 The Monte Carlo algorithm.Once we can simulate the creation and transport of pionium in the targetwe will be able to solve the equation system (12) by means of the followingalgorithm: 7



nlm � nlm � nlm �100 1.06 320 1.50 42�2 0.32200 2.02 32�2 0.88 43�1 0.5921�1 2.95 400 0.33 43�3 0.39300 0.72 41�1 0.30 500 0.1831�1 0.71 420 0.53 51�1 0.16Table 1Mean free path, in �m, for some pionium bound states. Lorentz  = 21=2.{ We take the atom in its initial state speci�ed by the values of Pi and Ri 7as described in Section 2, and generate a free path, x, according to equation(17).{ We displace the atom the length x:Ri+1 = xPiPi +Ri: (18){ We check that Zi+1 is less than the target thickness and, if this is true,we choose between all the possible �nal states, either annihilation, ioniza-tion or discrete-discrete transition between states according to the relativeprobabilities given by 8 : �n0l0m0nlm �NAvCA (19)for discrete-discrete transition, �ionnlm�NAvCA (20)for ionization and, MCP�nlm (21)for annihilation (where P is the atom momentum).{ Annihilation and ionization are �nal processes, whereas if we have a transi-tion between bound states the atoms continue to travel and we must startagain the evolution procedure.The results of the Monte Carlo program can be obtained in an evident andnatural way. From an initial sample of atoms we can calculate how many of7 The subscript i refers to the step number in the evolution algorithm.8 C = �totalnlm �NAvA + MP�nlm 8



them ionize, and hence the breakup probability (Pbr), how many are annihi-lated, and hence the annihilation probability (Panh) and how many leave thetarget in a discrete state, and hence the discrete probability (Pdsc). In any ofthese three cases we can extract relevant information like the atom coordi-nates, its �nal state before ionization or annihilation or the state in which itenters in the vacuum after the target.
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Fig. 5. Evolution algorithm.5 Some comments on the calculation procedure.Two main di�culties must be avoided in order to make a precise calculationof the breakup probability (Pbr). The �rst one refers to the absence of a directcalculation of ionization cross-sections. The second problem is linked with thefact of considering only a �nite number of states involved to solve the systemof equation (12). In all the results that will be presented throughout thisnote only those states with principal quantum number n � nmax have beenconsidered. The value of nmax can be obviously increased but, of course, somecut must be �nally applied. Therefore the result on Pbr must be obtained insome indirect way which will be described below.As a �rst consequence of these problems we will not be able to make a directcalculation of the amount of ionized atoms. Since the best approach for us toionization cross-sections is:�ionnlm = �totalnlm � n0=1Xn0=0 l0=n0�1Xl0=0 m0=l0Xm0=�l0 �n0l0m0nlm ; (22)and as we can only perform �nite sums we are forced to split this equation as:�ionnlm + n0=1Xn0=nmax l0=n0�1Xl0=0 m0=l0Xm0=�l0 �n0l0m0nlm = �totalnlm � n0=nmaxXn0=0 l0=n0�1Xl0=0 m0=l0Xm0=�l0 �n0l0m0nlm :(23)9



Tail or Ionized atoms Annihilated atoms Surviving atomsnmax 7 8 9 10 7 8 9 10 7 8 9 10n = 1 97147 96736 95890 95244 488592 488109 488002 488086 100172 99444 98535 98015n = 2 51180 49711 48578 47757 4972 4925 4938 4851 19610 19492 19549 19148n = 3 34542 32234 30976 30128 254 238 225 258 6841 6966 6804 6710n = 4 30767 27479 25318 24081 25 27 33 32 3244 3199 3212 3217n = 5 33750 27077 23897 21667 9 11 8 4 1824 1846 1813 1838n = 6 43580 30177 24371 20996 3 2 1 1 1209 1115 1168 1121n = 7 81261 39784 27829 22496 1 1 2 1 1080 759 732 714n = 8 - 69962 35914 25670 - - 1 - - 709 566 518n = 9 - - 61134 32990 - - - - - - 504 400n = 10 - - - 53483 - - - - - - - 304Total 372227 373160 373907 374512 493856 493313 493210 493232 133980 133530 132883 131985Table 2Results for an initial sample of 106 atoms. The principal quantum number n, beforethe atom becomes into the indicated �nal situation, is indicated. A Nickel target of95 �m and non-monochromatic pionic atoms were considered.This relation means that we will not be able to distinguish between thoseatoms which are ionized and those that su�er a transition between a discretestate involved in the calculation (hence with n < nmax) and a discrete statewith n > nmax. So one additional hypothesis on the calculation of Ptail, theprobability for the atom to remain in a discrete state with n > nmax after thetarget, will be needed to perform the Pbr calculation. This will be discussedin the next section.Considering that the evolution of any atom is �nished if the atom is ionized,annihilated, if it is excited into a state with n > nmax or if it leaves the targetin a discrete state with n < nmax. Hence the probabilities for any of these �nalevents are related by: 1 = Pbr + Panh + Pdsc + Ptail; (24)therefore the limitation on the direct calculation of Pbr can be avoided if wetransform this equation into:Pbr = 1� (Panh + Pdsc + Ptail); (25)but the reliability on Panh and on Pdsc must be proved.To test the stability of the obtained results on Pdsc and Panh we have �lledTable 2 for several calculations in which nmax was scanned from 7 to 10.From Table 2 we can conclude that Panh is almost unchanged with nmax.Furthermore the number of annihilated atoms from states with n > 6 is com-pletely negligible. The same conclusion can be made on discrete state atoms.The result becomes stable for those states with n < (nmax � 2).10



10 2

10 3

10 4

10 5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Extrapolated region

Principal quantum number (n)

P
ds

c(
n)

Fig. 6. Example of a tail �t result. A Nickel 95. �m width target and a lifetime of3. fs for pionium were considered.Therefor the calculation of Ptail is the remaining problem to be solved and tothis task we dedicate the next section.6 Tail analysis.As explained above the amount of atoms excited to discrete states with n >nmax, the so called discrete atoms tail, are involved 9 in the calculation of Pbr.In order to calculate the total amount of atoms in this tail and, as suggested in[1], we have �tted the results for Pdsc(n) for n = (nmax�3) and n = (nmax�2)to an expression of the type: Pdsc(n) = an3 + bn5 : (26)Hence, we have estimated the value of Ptail making the summation of (26)from n = (nmax � 1) to 1. Fig. 6 shows the �t for the results of Table 2.9 Meanwhile the tail for annihilated atoms is negligible as can be seen in Table 211
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Fig. 7. Comparison of Pbr as a function of lifetime for monochromatic andnon-monochromatic atoms. The upper curves correspond to a 22.3 �m Pt targetand the lower to a 95. �m Ni target. the monochromatic samples were producedwith 4.160 GeV=c in the case of the Nickel target and 4.233 for the Platinum target.7 Results on breakup probability.7.1 Results on Pbr(� ).The initial spectrum of Fig. 4 was considered to obtain the Pbr(� ) curve of Fig.7 for a Nickel target of 95 �m width. The resulting curve is compared withthe result for monochromatic atoms at the average momentum of the samespectrum (4.233 GeV=c). The observed di�erences are very small (within 1%)and become slightly larger as � increases.The same procedure was applied for a Platinum target of 22.3 �m width. Inthis case the mean momentum of pionic atoms was found to be 4.160 GeV=c.12
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Be 1723 µmFig. 8. Comparison of results. The solid lines are those of Ref. [7] and the points arethose calculated with the Monte Carlo method. Monochromatic atoms of 4.7 GeV/cmomentum were considered.7.2 Some comparisons.In Fig. 8 the obtained results on Pbr are presented for several targets. Thecomparison with the calculations of [7] which are displayed as solid lines showan excellent agreement within 1%. In Table 3, Pbr, the breakup probabilityand �Pbr = 1Pbr dPbrd� (27)are compared between this work and Ref. [7]. This magnitude (�Pbr) has alarge relevance because it is the maximum allowed uncertainty for a Pbr mea-surement to reach a 10% precision in the measurement of pionium lifetime.Also �Pbr, the di�erence between the results on Pbr for [7] and this work isshown in Table 3. 13



Z S �m Pbr Pbr Ref. [7] �Pbr �Pbr Ref. [7] �PbrBe 04 2585. 0.132 0.133 3.2 10�2 3.2 10�2 1. 10�3Al 13 654.2 0.222 0.222 3.6 10�2 3.7 10�2 < 1. 10�3Ti 22 263.1 0.326 0.325 4.0 10�2 4.1 10�2 -1. 10�3Fe 26 129.9 0.432 0.435 3.5 10�2 3.8 10�2 3. 10�3Ni 28 104.3 0.470 0.471 3.3 10�2 3.5 10�2 1. 10�3Cu 29 105.2 0.465 0.470 3.4 10�2 3.5 10�2 5. 10�3Mo 42 70.2 0.537 0.541 2.8 10�2 3.0 10�2 4. 10�3Ta 73 30.0 0.666 0.672 1.4 10�2 1.7 10�2 6. 10�3Re 75 23.3 0.694 0.699 1.2 10�2 1.4 10�2 5. 10�3Pt 78 22.3 0.699 0.704 1.1 10�2 1.3 10�2 5. 10�3Table 3Comparison of results. S means target thickness.8 Conclusions.A prediction for the Pbr(� ) function for DIRAC experimental conditions hasbeen made. The stability of this result is better than 2% for the di�erentvariations discussed throughout the note.Acknowledgements.I am indebt with professors B. Adeva and M. Plo for their stimulating sugges-tions and discussions. Special thanks are due to L.G. Afanasyev and to J.J.Saborido for their help.A Calculation of pionium production cross-section.In this appendix we are going to describe how to obtain equation (3) startingfrom equation (1).Let us take the result:d�A(n; l;m)dP = (2�)3 EMA j nlm(0)j2 d�0sdp�+dp�� (A.1)if we now consider spherical coordinates this equation is transformed into:14



1P 2 sin(�) d�A(n; l;m)dPd�d� = (A.2)(2�)3 EMA j nlm(0)j2 1p2�+ sin(��+) 1p2�� sin(���) d�0sdp�+d��+d���dp��d���d���but as P = 2p�+ = 2p�� we have that P = 2p�+ = 2p�� , � = ��+ = ��� and� = ��+ = ��� we can make the corresponding substitutions and obtain:d�A(n; l;m)dPd�d� = 26(2�)3 EMA j nlm(0)j2 1P 2 sin(�) d�0sdPd�d�dPd�d� (A.3)As we have axial symmetry around the � angle we can eliminate the depen-dence on it and as P sin(�) = Pt we can write the desired �nal expressionas: d�A(n; l;m)dPd� = j nlm(0)j226(2�)3MA EPPt d�0sdPd�dPd� : (A.4)The relevance on this expression is given by the fact that it gives us theweight E=PPt with which we can link an estimation of the double inclusivecross-section and the pionium production.B How to obtain the spectrum only from short-lived sources.As shown in [1], pionic atoms are bound states of �+�� pairs from short-lived sources. These sources are characterized by a range of pion formationof rform � 1fm, much less than the Bohr radius of pionium (a� = 387fm).Hence, as direct data shown in Fig. 2 does not distinguish between those pairsfrom short or long lived sources, we need to extract, as a function of thecenter of mass momentum, which is the rate of these type of sources from thecomplete sample.Therefore we can de�ne f(P; �) as:d�0sdp�+dp�� = f(P; �) d�0dp�+dp�� (B.1)In order to calculate f(P; �) we have considered the relation between semi-inclusive and inclusive cross-sections given by:d�0sdp�+dp�� = Fs(p�+ ;p��)�inelastic d�+sdp�+ d��sdp�� (B.2)15



d�0dp�+dp�� = F (p�+;p��)�inelastic d�+dp�+ d��dp�� (B.3)where Fs(p�+ ;p��) and F (p�+;p��) are the correlation functions due only tostrong interaction, for the case of only short-lived sources and for the completedouble inclusive cross-section. The value �inelastic corresponds to the inelasticcross-section of hadron production in proton � target collisions.Hence if we de�ne f+(P; �) and f�(P; �) as:d�+sdp�+ = f+(P; �) d�+dp�+ (B.4)d��sdp�� = f�(P; �) d��dp�� (B.5)we can see that: f(P; �) = Fs(p�+ ;p��)F (p�+;p��) f+(P; �)f�(P; �): (B.6)As explained in [1] the correlation functions depend only on the relative mo-mentum of the pair. Therefore, as p�+ = p�� they remain constant and onlyproduce an scaling factor between f and f+f�.Furthermore, as the angular aperture in DIRAC spectrometer is small (about5 mrad.), we can forget about the angular dependence on � in expression (B.4)to conclude that: f(P ) / f+(P )f�(P ): (B.7)We have calculated f+ and f� from the momentum spectra of Fig. B.1 fromthe FRITIOF hadronic Monte Carlo. And from this calculation we have ob-tained the result on f(P ) shown in Fig. 3.C Tabulated results with the comparison results.In Table C.1 this work results are compared with those of Ref. [1]. Thesecomparison was also shown in Fig. 8.16
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Fig. B.1. Spectra for �+ and �� for the total yield of these particles and forshort-lived sources only. The spectra refers to a Nickel target and considers DIRACgeometrical acceptance.References[1] B. Adeva et al., Proposal to the SPSLC: Lifetime measurement of �+�� atomsto test low energy QCD predictions, CERN/SPSLC/P 284 (1994).[2] C. Santamarina, A f��sica dos �atomos pi�onicos, Diploma thesis, Universidadede Santiago de Compostela.[3] L.L. Nemenov, Elementary Relativistic Atoms, Yad. Fiz., 41 (1985) 980.[4] S. Mr�owczy�nski, Interaction of Elementary Atoms with Matter, Phys. Rev.,A33 (1986) 1549.[5] H.A. Bethe and E.E. Salpeter, Quantum Mechanics of One- and Two-ElectronAtoms, Plenum Publishing Corporation, (1977).[6] L.G. Afanasyev and A.V. Tarasov, Breakup of Relativistic �+�� Atoms inMatter, Yad. Fiz., 59 (1996) 2212; Phys. At. Nuc., 59 (1996) 2130.[7] L.G. Afanasyev, Comments on a choice of the target material, Resultspresented to DIRAC in the February 1998 collaboration meeting.[8] Particle Data Group, Review of Particle Physics, Eur. Phys. Jour., C3 (1998)1.[9] L.G. Afanasyev and C. Santamarina, More on Breakup probability. To bepublished as a DIRAC internal note.[10] A.O. Barut and R. Wilson, Analytic Group-theoretical Form Factors ofHydrogenlike Atoms for Discrete and Continuum Transitions, Phys. Rev.,A40(1978) 1967. 17



Z 04 Be 13 Al 22 Ti 28 Ni 78 Ptthick �m 1723.359 436.229 175.401 69.536 14.895� (fs) This work Ref. [1] This work Ref. [1] This work Ref. [1] This work Ref. [1] This work Ref. [1]0.5 7.091E-02 7.130E-02 1.192E-01 1.196E-01 1.622E-01 1.622E-01 2.234E-01 2.244E-01 4.202E-01 4.253E-011.0 8.958E-02 9.039E-02 1.488E-01 1.496E-01 2.058E-01 2.052E-01 2.929E-01 2.941E-01 5.217E-01 5.269E-011.5 1.024E-01 1.037E-01 1.696E-01 1.706E-01 2.391E-01 2.384E-01 3.437E-01 3.457E-01 5.724E-01 5.781E-012.0 1.134E-01 1.140E-01 1.862E-01 1.878E-01 2.664E-01 2.666E-01 3.843E-01 3.861E-01 6.036E-01 6.089E-012.5 1.217E-01 1.226E-01 2.019E-01 2.029E-01 2.916E-01 2.914E-01 4.169E-01 4.186E-01 6.238E-01 6.294E-013.0 1.287E-01 1.299E-01 2.155E-01 2.166E-01 3.130E-01 3.134E-01 4.440E-01 4.453E-01 6.373E-01 6.440E-013.5 1.353E-01 1.364E-01 2.282E-01 2.293E-01 3.338E-01 3.333E-01 4.664E-01 4.676E-01 6.488E-01 6.549E-014.0 1.412E-01 1.423E-01 2.391E-01 2.412E-01 3.513E-01 3.512E-01 4.854E-01 4.866E-01 6.582E-01 6.635E-014.5 1.466E-01 1.476E-01 2.497E-01 2.524E-01 3.679E-01 3.676E-01 5.010E-01 5.028E-01 6.645E-01 6.703E-015.0 1.511E-01 1.526E-01 2.609E-01 2.629E-01 3.824E-01 3.825E-01 5.151E-01 5.169E-01 6.704E-01 6.758E-015.5 1.565E-01 1.572E-01 2.704E-01 2.730E-01 3.966E-01 3.962E-01 5.283E-01 5.292E-01 6.753E-01 6.804E-016.0 1.599E-01 1.616E-01 2.801E-01 2.826E-01 4.094E-01 4.089E-01 5.382E-01 5.400E-01 6.775E-01 6.844E-016.5 1.646E-01 1.658E-01 2.898E-01 2.917E-01 4.207E-01 4.205E-01 5.482E-01 5.497E-01 6.825E-01 6.877E-017.0 1.689E-01 1.698E-01 2.973E-01 3.004E-01 4.326E-01 4.313E-01 5.565E-01 5.583E-01 6.853E-01 6.906E-017.5 1.727E-01 1.736E-01 3.064E-01 3.088E-01 4.416E-01 4.414E-01 5.638E-01 5.661E-01 6.863E-01 6.932E-018.0 1.764E-01 1.773E-01 3.149E-01 3.168E-01 4.515E-01 4.508E-01 5.717E-01 5.731E-01 6.896E-01 6.954E-018.5 1.798E-01 1.809E-01 3.218E-01 3.245E-01 4.600E-01 4.595E-01 5.783E-01 5.795E-01 6.917E-01 6.974E-019.0 1.827E-01 1.844E-01 3.292E-01 3.319E-01 4.673E-01 4.677E-01 5.833E-01 5.853E-01 6.934E-01 6.992E-019.5 1.863E-01 1.877E-01 3.368E-01 3.390E-01 4.760E-01 4.753E-01 5.895E-01 5.906E-01 6.949E-01 7.008E-0110.0 1.890E-01 1.910E-01 3.423E-01 3.459E-01 4.840E-01 4.825E-01 5.945E-01 5.955E-01 6.960E-01 7.022E-01

TableC.1ComparisonofresultsonPbr forseveralmaterialandlifetimevalues
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