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FLUKA simulation for NESSI experiments∗ L.P. Pie´ nkowski and W. Gawlikowicz Heavy-Ion Laboratory, Warsaw University, Warsaw, Poland



D. Hilscher Hahn Meitner Institute, Berlin GmbH, D-14109 Berlin, Germany Realistic simulations of neutron detection were performed using FLUKA simulation code. Experimental data from NESSI collaboration were used for thin and thick spallation targets. The calculations were done using the Berlin Neutron Ball (BNB) 4π detector emulator. It was found, that the FLUKA code reproduces qualitatively the experimental data, however, the data are not well reproduced quantitatively, especially for thin spallation targets.
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INTRODUCTION



X (cm)



In order to validate the neutron detection process emulated with FLUKA code [1], the simulation results were compared with experimental data from NESSI collaboration [2–5]. In the present calculations the cross section for low-energy neutron transport (below 19.6 MeV) were taken from the available data bases, incorporated as a standard procedure in FLUKA code (similar to DENIS code [6]). Above 19.6 MeV the cross sections were calculated by FLUKA using a pre-equilibrium-cascade model PEANUT [7]. A comparison between simulation results and the experimental data was done using emulator of the Berlin Neutron Ball (BNB) 4π detector. The BNB detector is a spherical tank filled with 1.5 m3 liquid scintillator loaded with 0.4 wt% gadolinium[8]. The present calculations were done for BNB geometry as presented in Fig. 1 that approximates the BNB real geometry. During the simulation all neutron detection efficiencies depending on the neutron transport process were taken into account.



80 60 40



NE343 + Gd ( 0.4% ) Θmin=6.3o



20 0



beam



-20 -40 -60 -80 -80 -60 -40 -20



0



20



40



60



80



Z (cm)



FIG. 1: BNB geometry for FLUKA simulation.
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experimental data from NESSI collaboration



II.



LIGHT CHARGED PARTICLE PRODUCTION



σprod(He) (b)



The core of the FLUKA simulation program for any spallation reaction is a pre-equilibrium-cascade model PEANUT [7] followed by a statistical decay model. The NESSI collaboration [2–5] measured the production cross section for H and He isotopes in a kinetic energy range up to 30 MeV/nucleon. This limited energy range, however, doesn’t disturb the measurements of the particles emitted from the hot nuclei during the statistical decay. Thus the measured production cross sections give the first look at the amount of the excitation energy deposited in nuclei. Figs. 2,3 show the comparison between the data and simulation. This FLUKA simulation was done on a thin, 1 mg, targets in vacuum that makes all transport effects for light charged particles, LCP, very small. It is observed that LCP production cross sections extracted form the FLUKA simulations are systematically smaller than NESSI experimental data [2–5]. It should be pointed out that kinetic energy distributions for helium isotopes have the maxima at the energy close to the energy extracted from experiment. Fig. 4 shows as an example the comparison between the FLUKA simulation and NESSI data [2] for the reaction p+Au at 1.8 GeV. 800 MeV
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FIG. 2: Experimental and calculated helium production cross sections for 0.8, 1.2, 1.8, and 2.5 GeV proton induced reactions as a function of target atomic number Ztarget . The thick solid line refers to FLUKA, the dashed line refers to INCL [9], the dashed-dotted or dotted line was obtained with the LAHET-code [10] employing an evaporation-fission model with constant Coulomb barriers (ORNL) or with excitation energy decreasing Coulomb barriers (RAL), respectively. Note the different scales of the left and right panels. The NESSI-99 results are preliminary. Data and other than FLUKA simulation results are from [2–5]



III.



BNB EFFICIENCY



The neutron detection efficiency depends on the neutron transport processes. Generally, the efficiency calculations are based on estimating of the probability, Pi , that BNB measures a multiplicity Mn =i for one neutron emitted from the target. The non-zero value of Pi , for i > 1, is available at the neutron energies, En , high enough to make a (n,xn) reaction. The lowest energy threshold,Pof about En = 15 MeV, for a neutron-production inside the BNB is for the reaction 12 C(n, 2n)11 C. The quantity i × Pi , corresponds to the mean multiplicity, < Mn >, detected by BNB for one neutron emitted from the target and defines the average detection efficiency ² :=< Mn > for neutrons emitted at a given energy. The FLUKA simulation was done only up to the time of neutron capture, because the current version of the code doesn’t simulate the gamma decay of the excited gadolinium nuclei. According to the experimental conditions only the neutrons captured during the time window from 0.7 to 44 µs are selected as detectable neutrons. The comparison between measured and simulated neutron capture time distributions is displayed in Fig. 5. The simulation was performed for neutrons emitted with energy En = 2.5 ± 0.5 MeV. It is observed that the distribution simulated by the FLUKA has a maximum at the time much shorter than the maximum observed in the experiment.
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FIG. 3: As Fig. 2 but for hydrogen production cross-section.
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FIG. 4: Comparison of measured (solid circles) and calculated helium energy spectra with the FLUKA (solid line), INCL (dashed line) and LAHET-code (dotted line). The experimental helium spectrum was integrated over 0 < θ < 660 and 114 < θ < 1800 , the Au target thickness was 8.7 mg/cm2 . Data and other than FLUKA simulation results are from [2].



The position of the maxima are 6.5 and 3.0µs for the data and FLUKA simulation, respectively. However, the average values of the capture time are much closer each other and equal 13 and 12µs, respectively. FLUKA predicts the average neutron capture probability for neutrons at initial energy En = 2.5±0.5 MeV (captured inside a 44µs time window) is equal to 91%. The experimentally determined detection efficiency for such slow neutrons emitted from the Cf source was measured and is equal to 86%. Thus the neutron detection probability in the FLUKA simulation was estimated as a neutron capture probability times a constant normalization factor equal to 0.86/0.91. The average efficiency of BNB for isotropically emitted neutron at energy up to 2.5 GeV is shown in Fig. 6. The additional not-solid-lines show the contribution to the average efficiency from the cases with a given multiplicity. It should be pointed out that relatively large average detection efficiency, above 40%, for neutrons with En > 1 GeV is achieved mainly because of the neutron production processes induced by a fast neutron crossing the 50 cm thick liquid scintillator. It was checked out that construction steel (Fe) doesn’t influence on the detection efficiency for neutrons with energy smaller than 20 MeV. The neutron production on the construction steel walls makes the mean detection efficiency slightly larger (see Table I). The effect of the air around the BNB and concrete walls of the experimental hall is smaller than 0.1%. The beam dump was as far as 15 m downstream the target position. The distance to the floor was 2m and the distances to the other walls were larger than 5m. The average detection efficiency extracted from FLUKA and DENIS (ralentE) codes [6] are compared in Fig. 7.
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FIG. 5: Capture time distribution as measured (solid dots) and from the FLUKA simulation.
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The DENIS code does not include neutron-production reactions what makes the differences between DENIS and FLUKA predictions at energies above 20 MeV. However, running the FLUKA simulation and skipping all the events with neutron production inside the BNB a good agreement between FLUKA and DENIS is observer what is shown in [8]. The other particles crossing the detector also create neutrons. The average detected neutron multiplicity, for n, p, π + , and π − at three selected kinetic energies is presented in Table I. The muons lives on average 2.2µs, long enough to decay during the time window between 0.7 and 44µs. The signals from muon decay inside the scintillator tank looks in the experiment as neutron capture signal and this effect was taken into account for the simulation. It was checked out that for the reaction induced by proton at 2.5 GeV on 1g/cm2 thick uranium target the average number of muon decays that contributes to the neutron multiplicity is equal to 0.1.



TABLE I: Mean neutron multiplicities detected by BNB if one n, p, π + , π − of energy 10, 100, or 1000 MeV is emitted from the target. Number in parenthesis refer to the simulation without steel construction material (typically 2 mm Fe thick walls, see also Fig. 1. particle 10 MeV 100 MeV 1000 MeV n 0.71 (0.70) 0.31 (0.275) 0.38 (0.32) p 0 (0 ) 0.041 (0.034) 0.335 (0.27) π + 0.09 (0.60) 0.59 (0.55 ) 0.38 (0.30) π − 2.35 (1.27) 1.20 (1.20 ) 0.50 (0.43)
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FIG. 7: BNB average efficiency as a function of the neutron kinetic energy obtained from the FLUKA [1] simulation and compared with DENIS simulation.
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Deposited energy (MeV) FIG. 8: Measured (solid dots) and calculated by FLUKA (line) distribution of the energy deposited by the cosmic muons crossing the BNB along the diameter.



IV.



NEUTRON BALL AS REACTION DETECTOR



All reaction products, including neutrons, that enter into the BNB leave at least part of their energy inside the light scintillator material. The deposited energy is promptly transferred into the light signal that is collected by the set of phototubes mounted around BNB. This feature of BNB can be use to select inelastic reaction events. The detailed description of the experimental methods to use BNB as a reaction detector is presented in ref. [8]. The FLUKA code calculates the transport of the reaction products and the estimation of the amount of energy deposited in a defined region is one of the standard task for FLUKA. For example it is possible to determine with FLUKA the amount of energy deposited by cosmic muons crossing the ball along the BNB diameter. The average value of this energy is equal 190 MeV and was already used for data evaluation before any FLUKA calculations in purpose to make an absolute calibration of the measure amount of light from the reaction. The comparison between the measured and simulated energy deposition caused by muon is shown in Fig. 8. It is safe to assume a linear dependence between the detected amount of light and deposited energy in the scintillator only for light particles. The light created by slow protons is much smaller than the light generated by electron that deposit the same amount of energy. This effect depends on the type of the scintillator and for NE343 scintillator it was assumed as in ref. [11] that:



5



dσ/dE (mb/MeVee)



10 2



p+U



10



1.2 GeV 5



10 0



0



5



10



15



200



20



25



400



30



35



40



BNB-Light (MeVee)



dσ/dE (mb/MeVee)



FIG. 9: BNB light spectrum from the reaction at 1.2 GeV induced by proton on 0.9 mb/cm2 uranium target. The grey filled histogram shows the data and the lines the light signal simulated by FLUKA. The solid line shows all simulated events and dashed only events with an inelastic reaction inside a target. The experimental data are from ref. [8].
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µ ¶−1 dEee dE dE = · 1 + 10 · dx dx dx



(1)



where dE/dx and dEee /dx are in (cm2 MeV/mg) units and show the deposited energy and the fraction of this energy that is proportional to the light generated in the liquid (Eee - electron equivalent energy), respectively. The total light generated in the ball was calculated as energy deposited by the light particles plus Eee extracted for protons and the units for light is defined as (MeVee ) The light production from the heavier than proton reaction products is small, because most of them are absorbed in the target or in the construction steel walls. This small effect in not considered in the current analysis. Figs. 9 and 10 show the comparison between the light energy observed in the experiment and predicted by FLUKA for the reactions p+U at 1.2 and 2.5 GeV. V.



NEUTRON MULTIPLICITIES FROM THE SPALLATION REACTION ON THIN TARGETS



The FLUKA simulations with a complete geometry configurations was done in two steps. The first step, named FLUKA-target, provided the information about all products that escape the target and have a chance to enter into the neutron ball. Additionally the events with an inelastic reaction induced by proton beam on the target were labelled. The event file from the FLUKA-target simulation was used than as an source file for a second simulation, named FLUKA-BNB, that provided the transport of the particles using the same geometrical configuration as used previously for the FLUKA-target calculations. The neutron data from the FLUKA-target simulation were also folded with the BNB efficiency function (see Fig.6). The comparison between the neutron multiplicity distribution from the 6



TABLE II: Cross sections and neutron mutiplicities for p+Au and U reaction at 1.2 GeV. data spource events selection p+Au σ(b) < Mn > p+U σ(b) < Mn >



NESSI FLUKA-target + FLUKA-target + FLUKA-target + experiment FLUKA-BNB FLUKA-BNB BNB efficiency fold Eee > 2 MeV Eee > 2 MeV inelastic events inelastic events 1.828 1.878 1.818 1.818 11.31 9.24 9.56 9.22 2.087 2.175 2.058 2.058 15.35 12.33 13.02 12.70



dσ/dMn (mb)



complete FLUKA simulation and from the folding procedure offers a possibility to estimate the precision of this second, simplified, method. As is shown in the table II a complete FLUKA simulation predicts the average neutron multiplicity larger by about 0.3 neutrons for both reactions. The FLUKA-BNB transport includes the neutron production inside detector induced by all fast particles and neutron efficiency fold takes into account only the secondary neutrons production inside BNB induced by neutrons. This small difference shown by the average neutron multiplicity is hard to observe on the neutron distribution plotted in Fig. 11. p + Au 1.2 GeV
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FIG. 11: Neutron multiplicity spectra for p+Au and U at 1.2 GeV. Solid points are from NESSI experiment, and line are from the FLUKA simulation. The solid and dashed lines are from the FLUKA-target followed by FLUKA-BNB calculation taking all events that show prompt light energy in BNB above 2 MeVee (solid line) and all events with an inelastic proton interaction on the target (dashed line). The dotted lines show all inelastic events, from the FLUKA-target folded with the BNB efficiency (see Fig. 6).



The estimation of the neutron production by fast particles other than neutrons was done also running FLUKA-BNB simulation for two subset of data extracted from the inelastic events produced by FLUKA-target simulation. Only neutrons were selected for the first data subset and all other particles except neutrons were put to the second data subset. The results of the analysis were named FLUKA-BNB-neutrons and FLUKA-BNB-no-neutrons, respectively. Fig. 12 shows a comparison between the results from the complete simulation FLUKA-target + FLUKA-BNB and simulation FLUKA-target + FLUKA-BNB-neutrons for the reactions p+U at 1.2 and 2.5 GeV. Once again it is hard to see a small difference, because the < Mn > extracted from the tho methods differs less than one neutron. The values of < Mn > obtained from this test simulation for p+U at 1.2 and 2.5 GeV are shown in the table III The experimental data collected by NESSI collaboration were compared in past with several models. Most of them simulate only elementary spallation reaction followed by the statistical decay. The neutron data from the simulations were folded with the neutron efficiency obtained from DENIS code that differ significantly from the efficiency from FLUKA simulations at large energies. Fig. 13 show the comparison between the inelastic events from the complete FLUKA simulation and the result from the FLUKA-target simulation folded with the DENIS-efficiency. It is observed 7



TABLE III: Average neutron multiplicities seen by BNB from the inelastic reaction p+U at 1.2 and 2.5 GeV as a product of all particles- only neutrons- and all particles except neutrons escaping target.



dσ/dMn (mb)



FLUKA-BNB FLUKA-BNB- FLUKA-BNBneutrons no-neutrons p+U 1.2 GeV 13.02 12.66 0.37 p+U 2.5 GeV 16.36 15.64 0.72
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FIG. 12: Neutron multiplicity spectra for inelastic reactions taken from the FLUKA simulation performed for p+U at 1.2 and 2.5 GeV. Solid lines show the FLUKA-target followed by FLUKA-BNB calculations and dashed lines show the result for FLUKA-target followed by FLUKA-BNB-neutrons simulation.
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that for p+U at 2.5 GeV the differences are small and < Mn > is equal to 16.36 and 15.20 neutrons for complete FLUKA and FLUKA-target folded by DENIS-efficiency, respectively.
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Neutron Multiplicity Mn FIG. 13: Neutron multiplicity spectra for inelastic reactions taken from the FLUKA simulation performed for p+U 2.5 GeV. Solid line shows the FLUKA-target followed by FLUKA-BNB calculations and dashed lines shows the result for FLUKA-target folded by DENIS-efficiency.
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VI.



NEUTRON MULTIPLICITIES FROM THE SPALLATION REACTION ON THICK PB TARGETS



Here, as in the case of thin Pb targets, the FLUKA simulations were performed in two steps. In the first step (FLUKA-target), only products that escape the target and have a chance to enter into the neutron ball were considered. In the second step (FLUKA-BNB), the event file from the FLUKA-target simulation was used to simulate BNB response. The comparison between mean neutron multiplicity from p+Pb reaction simulated in two-step process and the experimental data from NESSI experiment is shown in tables IV and V. Table IV shows the mean neutron multiplicity per proton, while table Table V shows the mean as well as the RMS neutron multiplicity per reaction.



TABLE IV: Mean, < Mn /Mp >, neutron multiplicities per proton produced in target (FLUKA-target) and seen by BNB (FLUKA-BNB) from the inelastic reaction p+Pb. Last column shows experimental values (NESSI). < Ep >[GeV] P b[cm] < Mn /Mp >:FLUKA-target < Mn /Mp >:FLUKA-BNB < Mn /Mp >:NESSI 1.2 2 1.8351 1.4333 1.6867 1.8 2 2.2569 1.7589 2.0241 2.5 2 2.5653 1.9976 2.2777 1.2 35 23.1958 18.6513 18.8571 1.8 35 32.4024 26.0277 26.2120 2.5 35 41.5342 33.2910 32.8296



TABLE V: Mean, < Mn >, and RMS neutron multiplicities produced in target (FLUKA-target) and seen by BNB (FLUKABNB) from the inelastic reaction p+Pb. Last column shows experimental values (NESSI). < Ep >[GeV] P b[cm] < Mn >:FLUKA-target < Mn >:FLUKA-BNB < Mn >:FULKA-BNB < Mn >:NESSI inelastic Eee > 2MeV 1.2 2 15.7174 12.2760 11.8434 14.7958 1.8 2 18.9766 14.7896 14.4316 18.2968 2.5 2 21.534 16.7692 15.9768 20.7642 1.2 35 26.2904 21.1406 20.2998 22.4803 1.8 35 36.4399 29.2709 29.007 30.7003 2.5 35 46.6571 37.4128 37.6742 38.5646 < Ep >[GeV] P b[cm] RMS Mn :FLUKA-target RMS Mn :FLUKA-BNB RMS Mn :FULKA-BNB RMS Mn :NESSI inelastic Eee > 2MeV 1.2 2 11.1896 8.82557 8.97131 8.69968 1.8 2 14.0572 10.9174 11.0598 10.6403 2.5 2 16.5159 12.7297 12.9863 11.9729 1.2 35 14.0304 11.6418 12.1597 9.76244 1.8 35 18.9992 15.5907 15.7893 12.8924 2.5 35 24.2006 19.6572 19.5147 15.8093



As one can see the difference between FLUKA simulations and the experimental data are small (as in the case of thin Pb targets). Important is the decreasing difference between the simulation and the experimental with increasing of target thickness, for mean neutron multiplicity. It suggests that the FLUKA predicts better the mean neutron multiplicity for thicker targets. On the other hand, the RMS neutron multiplicities are better predicted for thinner targets. This due to problems with proper reproduction of entire multiplicity distribution. This fact is well illustrated in Fig.14, where the reaction probability was plotted as a function of neutron multiplicity distribution. As one can see, the experimental data are better reproduced for thicker targets (see table V). The reaction probabilities for simulations and experimental data are summarized in table VI.
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Neutron Multiplicity Mn FIG. 14: Reaction probability as a function on neutron multiplicity. The experimental data (open dots) are from ref. [12]. Lines show the complete FLUKA simulation for inelastic events (solid lines) and events that create light in BNB Eee >2MeVee (dashed lines).



TABLE VI: Reaction probability, P, for target (FLUKA-target) and BNB (FLUKA-BNB) simulations from the inelastic reaction p+Pb. Last column shows values deduced from experiment (NESSI). < Ep >[GeV] P b[cm] P: FLUKA-target P:FLUKA-BNB P:FULKA-BNB P:NESSI inelastic Eee > 2MeV 1.2 2 0.116756 0.116756 0.120902 0.113998 1.8 2 0.11893 0.11893 0.121535 0.110626 2.5 2 0.119126 0.119125 0.124516 0.109692 1.2 35 0.88229 0.88225 0.91736 0.838829 1.8 35 0.8892 0.8892 0.89655 0.853803 2.5 35 0.8902 0.88983 0.88282 0.851289



VII.



SUMMARY AND CONCLUSIONS



The comparison between FLUKA simulations and the experimental data from NESSI collaboration were presented. The calculations were done using the Berlin Neutron Ball (BNB) 4π detector emulator. In the BNB simulation the geometrical, as well as, neutron detection efficiency effects were taken into account. It was found, that the FLUKA code reproduces qualitatively the experimental data, however, the data are not well reproduced quantitatively, especially for thin spallation targets. The discrepancy between simulation and experimental data are rather due to FLUKA problems with exact description of neutron production process assumed in the PEANUT model, then the details of performed simulations.
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APPENDIX A: FLUKA AND BNB CALCULATION DETAILS



efficiency
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P = P1+2*P2+3*P3+4*P4+ ...
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FIG. 15: Comparison of BNB efficiency as calculated with FLUKA [1] and with DENIS using subroutine ralente and cross section file modeff.dat (see Fig. 16). Here, in DENIS as well as in FLUKA code no construction material effects are considered
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FIG. 16: Cross sections employed in ralentE.f for carbon and hydrogen (read in from modeff.dat), Gd cross sections (not shown) are read in from tabdenis.dat. The cross sections in modeff.dat are tabulated up to 1 GeV, but since DENIS calculates only up to En =100 MeV the cross sections are also shown only up to 100 MeV.
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FIG. 17: Left panel: Probability Pi to count i neutrons in BNB as a function of neutron energy. Plotted is i × Pi up to i=3, i=4 includes the sum i × Pi for 4 ≤ i.
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FIG. 18: Comparison of BNB efficiency as calculated with FLUKA [1] with (solid) and without (dashed line) taking into account the 2 mm thick Fe walls of the central vacuum chamber, the beam tubes (assuming 7.5 cm diameter), and the outer wall.
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FIG. 19: Left panel: n-1-p0, DENIS: efficiency calculated with DENIS (ralente), FLUKA I: FLUKA calculation without Ptaking m into account 12 C(n,xn) with 1 < x, FLUKA II efficiency calculated with FLUKA to detect at least one neutron: ² = i=1 Pi where Pi is the probability to detect i neutrons. Right panel: n-efflp: same as left panel except that the dashed Pmline corresponds to the mean neutron multiplicity with which one neutron emitted from the target is detected: < Mn >= i=1 i × Pi .



13



ε == 1-p0 Probability



1



10



10



ε =1-p0 p1 p2 p3 p4 + ...



1



P1 P2 P3 P4



10



3



10



-1



-1



-2



1



10



10



2



10



-2



1



Energy (MeV)



10



10



2



10



3



Eπ- (MeV)



pi_p1234 pim-fe



Probability



ε == 1-p0



FIG. 20: Left panel: pi-p1234: Probability Pi that one pion emitted from the target is detected by BNB with a neutron multiplicity Mn = i. The solid line corresponds to π − while the dashed line corresponds to π + . Below 100 MeV the contribution from the decay of stopped pions/muons is dominating due to the 2.2 µs lifetime of the muon which can simulate the capture of one neutron within the 1-44 µs window. No construction material effects. The difference between π + and π − below about 200 MeV is due to the capture of stopped π − in 12 C. Right panel: pim-fe2: Same as left panel for π − only but including the effect of Fe.
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FIG. 21: Left panel: pr-p1234: Probability Pi that one neutron (solid line) or one proton (dashed line) emitted from the target is detected by BNB with a neutron multiplicity Mn = i. P4 corresponds to the sum of Pi with 4 ≤ i Right panel: pr-fe2: same as left panel for protons including the effect of Fe.
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FIG. 22: Left panel: pip-nofe2: Probability Pi to count i neutrons in BNB as a function of π + energy. P4 includes the sum of i × Pi for 4 ≤ i. Right panel: pip-fe2: same as left panel but taking into account Fe.
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FIG. 23: Left panel: pim-fe1: Probability Pi to count i neutrons in BNB as a function of π − energy. Plotted is i × Pi up to i=3, i=4 includes the sum i × Pi for 4 ≤ i. Right panel: pip-fe2: same as left panel but instead of i × Pi only Pi is plotted. Construction material effects included.
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FIG. 24: Left panel: pim-fe1: black line mean neutron multiplicity < Mn >= i × Pi measured BNB for a π − emitted from the target. Right panel: pip-fe1: same as left panel but for π + . Construction material effects included.
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FIG. 25: Same as Fig. 24. No construction material effects considered. Left panel: pim-nofe1, right panel: pip-nofe1.



16



ε == for Me=1



ε == 1-p0



1 ε =1-p0 p1 p2 p3 p4 + ...



10



10



-1



-2



1



10



10



2



10



1 ε = Σ n*pn 1*p1 2*p2 3*p3 4*p4 + ...



10



10



3



-1



-2



1



En (MeV)



10



10



2



10



3



En (MeV)



neu-nxnoff-nofe



neu-nxnoff-nofe
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