Noname manuscript No. (will be inserted by the editor)

Relativistic effects in neutron-deuteron elastic scattering and breakup

H.Witała · J.Golak · R.Skibiński · W.Glöckle · W.N.Polyzou · H.Kamada

Received: date / Accepted: date

Abstract We solved the three-nucleon Faddeev equation in a Poincaré invariant model of the three-nucleon system. Two-body interactions are generated so that when they are added to the two-nucleon invariant mass operator (rest energy) the two-nucleon S matrix is identical to the non-relativistic S matrix with a given nucleon-nucleon interaction. Cluster properties of the three-nucleon S-matrix determine how these twonucleon interactions are embedded in the three-nucleon mass operator. Differences in the predictions of the relativistic and corresponding non-relativistic models for elastic and breakup processes are investigated. Of special interest are effects of relativity on the elastic scattering angular distribution and total cross sections, the lowering of the Ay maximum in elastic nucleon-deuteron (Nd) scattering below ≈ 25 MeV caused by the Wigner spin rotations and the significant changes of the breakup cross sections in certain regions of the phase-space.

“Relativistic Description of Two- and Three-Body Systems in Nuclear Physics”, ECT*, October 19-23 2009

H. Witała M. Smoluchowski Institute of Physics, Jagiellonian University, PL-30059 Kraków, Poland E-mail: witala@if.uj.edu.pl

J. Golak M. Smoluchowski Institute of Physics, Jagiellonian University, PL-30059 Kraków, Poland

R.Skibiński M. Smoluchowski Institute of Physics, Jagiellonian University, PL-30059 Kraków, Poland

W.Glöckle Institut für theoretische Physik II, Ruhr-Universität Bochum, D-44780 Bochum, Germany

W.N.Polyzou Department of Physics and Astronomy, The University of Iowa, Iowa City, Iowa 52242, USA

H.Kamada Department of Physics, Faculty of Engineering, Kyushu Institute of Technology, 1-1 Sensuicho Tobata, Kitakyushu 804-8550, Japan

Table 1 The AV18 and CD Bonn potential relativistic (r) and nonrelativistic (nr) total cross sections

E_{lab} σ^r_{tot} σ^{nr}_{tot} σ^r_{el} σ^{nr}_{el} σ^r_{br} σ^{nr}_{br} [MeV] [mb] [mb] [mb] [mb] [mb] [mb] AV18 AV18 AV18 AV18 AV18 AV18 13.0 855.44 856.84 692.10 686.70 163.42 164.74 26.0 455.27 457.05 303.57 304.14 151.70 152.91 70.0 145.83 146.95 61.57 61.86 84.26 85.09 97.5 100.66 101.63 34.83 35.02 65.83 66.61 135.0 74.73 75.65 20.82 20.94 53.91 54.70 200.0 58.60 59.62 12.20 12.28 46.40 47.34 250.0 53.54 54.74 9.50 9.58 44.05 45.16 CD Bonn CD Bonn CD Bonn CD Bonn CD Bonn CD Bonn 13.0 853.16 854.25 687.14 686.70 166.02 167.55 26.0 457.50 459.15 304.01 304.50 153.48 154.65 70.0 147.89 148.96 62.50 62.75 85.39 86.21 97.5 102.21 103.16 35.39 35.56 66.83 67.61 135.0 75.77 76.70 21.05 21.17 54.72 55.53 200.0 59.11 60.13 12.24 12.30 46.87 47.83 250.0 53.85 54.98 9.52 9.57 44.33 45.41

Keywords Faddeev equations · elastic scattering and breakup · relativistic effects

1 Introduction

The study of elastic and breakup nucleon-deuteron (Nd) processes reveals cases where the non-relativistic description based on nucleon-nucleon (NN) interactions only is insufficient to explain the data. These discrepancies generally increase with energy. The elastic Nd angular distribution in the region of its minimum and at backward angles is the best studied example [1] (see Fig.1). Another is the total cross section for neutron-deuteron (nd) scattering [2,3]. Only in some cases the inclusion of certain types of three-nucleon (3N) forces lead to an improvement. A relativistic treatment of the dynamics implies a different off-shell treatment of the NN interactions [4], leading to the possibility of additional effects beyond standard 3N forces. We refer to [5–8] for a detailed presentation and focus here on effects of relativity on the Nd elastic scattering angular distribution and total cross sections, the Ay puzzle and pronounced relativistic effects in Nd breakup.

2 Relativistic Faddeev equation

The 3N Faddeev equation is set up for a breakup operator and solved in momentum space and partial wave projected. In the relativistic case the equations have the same operator form as the non-relativistic equations. In the relativistic case Jacobi momenta are constructed using Lorentz boosts instead of Galilean boosts, the resolvents involve relativistic kinetic energies, the two-body interactions in the three-body problem appear inside of square roots in a manner dictated by S-matrix cluster properties, and the permutation operators include Wigner rotations [9] which are evaluated using the Balian-Brézin method [10].

Fig. 1 (Color online) The Nd elastic scattering cross sections at 70 MeV and 250 MeV lab. energy of the incoming nucleon. In the left column predictions based on AV18 [13], CD Bonn [14], NijmI and Nijm II [15] NN potentials alone and on their combinations with the TM99 3NF [16] are shown by the light shaded (red) and dark shaded (blue) band, respectively. In the right column the relativistic predictions based on the boosted CD Bonn ((red) solid line) and AV18 ((blue) dashed line) potentials are compared with the nonrelativistic CD Bonn ((red) dashed line) and AV18 ((blue) dotted line) predictions. The 70 MeV pd data (x-es) are from [17]. The 250 nd (x-es) and pd (open circles) data are from [18] and [19], respectively.

3 Results

In Fig.1 we present relativistic effects for the nd elastic scattering cross sections at two energies. Only at the largest angles deviations from the nonrelativistic results are discernible and their magnitude grows with energy. Relativity increases slightly the nonrelativistic cross sections at backward angles but the effect is far too small to explain the large gap between data and theory even when standard three-nucleon forces are included.

In Fig.2 we show relativistic effects for Ay at two low energies. Below ≈ 25 MeV the non-linear embedding of the two-body interaction in the three-body mass operator lowers the maximum of Ay by ≈ 2% while the inclusion of Wigner spin rotations increase that lowering effect up to ≈ 10%. Above ≈ 25 MeV relativistic effects for Ay are negligible.

Fig. 2 (Color online) The nucleon analyzing power A_y for nd elastic scattering at 5 MeV and 65 MeV lab. energy of the incoming neutron. The solid (red) line is the nonrelativistic CD Bonn potential prediction. The dashed (blue) and dotted (black) lines are CD Bonn based relativistic predictions without and with Wigner spin rotations, respectively. The 5 MeV nd data (x-es) are from [20] and 65 MeV pd data (x-es) are from [21].

For the breakup cross section large relativistic effects are localized in specific regions of phase-space. They lead to a characteristic pattern of relativistic versus non relativistic cross section changes. Namely, at fixed detector position of the first outgoing nucleon changing the angle of the second outgoing nucleon lead to configurations in which relativity increases, makes no effect, or decreases the nonrelativistic cross section. That is exemplified in Fig.3. At E^{lab}_N = 200 MeV those changes can be up to ≈ ±60%. At that energy it seems that relativity improves the description of some data (see Fig.3).

In spite of large relativistic effects in some exclusive breakup configurations the effects in total cross sections are small. In Table 1 we compare nonrelativistic and relativistic total cross sections for nd scattering as well as the corresponding total cross sections for elastic nd scattering and breakup reaction. Relativity lowers slightly the total cross sections.

4 Summary

An exactly Poincaré invariant formulation of three-nucleon scattering using realistic interactions leads to significant changes of the breakup cross section at higher energies and in certain regions of phase space [6,7]. For the elastic scattering cross sections the small changes are restricted to backward angles [5]. Also relativistic effects are small for total cross sections. For the low energy analyzing power Ay we found large relativistic effects of similar magnitude as in [11] but in opposite direction and that increases the discrepancy to the data. Therefore we expect that 3NF’s in all their complexity [12] have to be taken into account.

Acknowledgements This work was supported by the 2008-2011 science funds as the research project No. N N202 077435. It was also partially supported by the Helmholtz Association

Fig. 3 (Color online) The five-fold cross section d^5σ/dΩ_1 dΩ_2dE^{lab}_1 for the breakup reaction d(n,np)n at E_{lab} = 200 MeV and fixed angles of outgoing nucleons 1 and 2 as indicated in the figures. The dashed (red) line is the nonrelativistic CD Bonn potential prediction and the solid (blue) line is the corresponding relativistic result. The d(p,pn)p data (x-es) are from [22].

through funds provided to the virtual institute “Spin and strong QCD”(VH-VI-231) and by the European Community-Research Infrastructure Integrating Activity “Study of Strongly Interacting Matter” (acronym HadronPhysics2, Grant Agreement n. 227431) under the Seventh Framework Programme of EU. The numerical calculations were performed on the supercomputer cluster of the JSC, Jülich, Germany.

References

1. H. Witała, W. Glöckle, D. Hüber, J. Golak, and H. Kamada, “Cross section minima in elastic Nd scattering: possible evidence for three-nucleon force effects”, Phys. Rev. Lett. 81,

1183-1186 (1998).

2. W. Abfalterer et al., “Inadequacies in the Faddeev description of the n+d total cross section above 100 MeV”, Phys. Rev. Lett. 81, 57-60 (1998).

3. H. Witała et al., “Modern NN force predictions for the total nd cross section up to 300 MeV”, Phys. Rev. C 59, 3035-3046 (1999).

4. H. Kamada, W. Glöckle, “Realistic two-nucleon potentials for the relativistic two-nucleon Schrödinger equation”, Phys. Lett. B 655, 119-125 (2007).

5. H. Witała, J. Golak, W. Glöckle, H. Kamada, “Relativistic effects in neutron-deuteron elastic scattering”, Phys. Rev. C 71, 054001 (2005).

6. H. Witała, J. Golak, and R. Skibiński, “Selectivity of the nucleon-induced deuteron breakup and relativistic effects”, Phys. Lett. B 634, 374 (2006).

7. R. Skibiński, H. Witała, J. Golak, “Relativistic effects in exclusive neutron-deuteron breakup”, Eur. Phys. J. A 30, 369-380 (2006).

8. H. Witała et al., “Relativity and the low-energy nd A_y puzzle”, Phys. Rev. C 77, 034004 (2008).

9. Keister, B. D., and W. N. Polyzou W. N., “Relativistic Hamiltonian dynamics in nuclear and particle physics”, Advances in Nuclear Physics, vol. 20, p.225-479, ed. J. W. Negele and Erich Vogt, Plenum Press, NY, 1991.

10. R. Balian, Brézin E., “Angular-momentum reduction of the Faddeev equations”, Il Nuovo Cim. B 2, 403-410 (1969).

11. G.A. Miller and A. Schwenk, “Resonant relativistic corrections and the A_y problem”, Phys. Rev. C 76, 024001 (2007).

12. E. Epelbaum, “Few-nucleon forces and systems in chiral effective field theory”, Prog. Part.

Nucl. Phys. 57, 654-741 (2006).

13. R.B. Wiringa, V.G.J. Stoks, R. Schiavilla, “Accurate nucleon-nucleon potential with charge-independence breaking”, Phys. Rev. C 51, 38-51 (1995).

14. R. Machleidt, F. Sammarruca, and Y. Song, “Nonlocal nature of the nuclear force and its impact on nuclear structure”, Phys. Rev. C 53, R1483-R1487 (1996).

15. V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen, and J.J. de Swart, “Construction of highquality NN potential models”, Phys. Rev. C 49, 2950-2962 (1994).

16. S.A. Coon and H.K. Han, “Reworking the Tucson-Melbourne Three-Nucleon Potential”, Few-Body Systems 30, 131-141 (2001).

17. K. Sekiguchi et al., “Complete set of precise deuteron analyzing powers at intermediate energies: Comparison with modern nuclear force predictions”, Phys. Rev. C 65, 034003 (2002).

18. Y. Maeda et al., “Differential cross section and analyzing power measurements for nd elastic scattering at 248 MeV”, Phys. Rev. C 76, 014004 (2007).

19. K. Hatanaka et al., “Cross section and complete set of proton spin observables in pd elastic scattering at 250 MeV”, Phys. Rev. C 66, 044002 (2002).

20. Tornow, W., et al., “The low-energy neutron-deuteron analyzing power and the^3P_{0,1,2} interactions of nucleon-nucleon potentials”, Phys. Lett. B 257, 273-277 (1991).

21. H. Shimizu et al., “Analyzing powers and cross sections in elastic p-d scattering at 65 MeV”, Nucl. Phys. A 382, 242-254 (1982).

22. W. Pairsuwan et al., “Analyzing powers for the^2H(p,pn)^1H reaction at 200 MeV”, Phys.

Rev. C 52, 2552-2558 (1995).