THEF-NIJM 91.10

Analysis of the A_{zz} measurement in np scattering at T_{lab}=67.5 MeV^∗

R.A.M. Klomp, V.G.J. Stoks, and J.J. de Swart Institute for Theoretical Physics, University of Nijmegen, Nijmegen, The Netherlands

Abstract

We analyze a recent experiment in which the spin-correlation parameter A_{zz} in np scattering at T_{lab} = 67.5 MeV was measured. The I = 0 phase parameters can now be determined much more accurately in a single-energy analysis at 50 MeV. The value found for the^3S_1-^3D_1 mixing parameter ε_1 is in excellent agreement with modern potential-model predictions.

PACS numbers: 21.30.+y, 13.75.Cs, 12.40.Qq

Typeset using REVTEX

∗Published in Phys. Rev. C 45, 2023 (1992).

Recently, a measurement of the spin-correlation parameter A_{zz} in np scattering at 67.5 MeV was reported [1]. In that Letter the authors claimed that their determination of the^3S_1- 3D_1 mixing parameter ε_1 at 50 MeV is in disagreement with modern NN potential-model predictions. When true, this result would be very disturbing. Because we just finished a preliminary version of the Nijmegen 0–350 MeV NN partial-wave analysis in which no strange behavior of the ε_1 was found, we decided to have a better look at this experiment at 67.5 MeV. Here, we give a brief report of our results in which we refute the claim of the Basel group [1]: We find the ε_1 mixing parameter to be in excellent agreement with modern potential predictions. A complete and detailed discussion of our NN analysis will be deferred to a future paper.

The ε_1 mixing parameter and the^1P_1 phase shift have always been very difficult to determine accurately. The problem is that only higher-order spin observables such as spincorrelation parameters are sensitive to ε_1. Measurements of such observables have been scarce and the data that are available are often also sensitive to the^1P_1 phase shift [2]. The 1P_1 phase shift can be determined from the np differential cross-section data, but these data are often not accurate enough to fix it within a reasonably small uncertainty. Selection of different sets of cross-section data that are available can result in very different values for^1P_1. Especially for the data in the 50-MeV region, this fact has been amply touched upon [2,3]. In order to pin down the^1P_1 phase shift in this energy region, we are apparently in need of more accurate np cross-section data, both at extreme forward and extreme backward angles.

Below 400 MeV, the few np spin-correlation parameters that were available until recently are A_{yy} data. They consist of 4 data at 23.1 MeV [4], 8 data at 50.0 MeV [5,6], 10 data at 181.0 MeV [7], and 35 data at 220.0 and 325.0 MeV [8]. The A_{yy} measurement at θ_{cm} = 90^∘ at 13.7 MeV by Schöberl et al. [9] is of particular importance, due to the insensitivity of A_{yy} to the^1P_1 phase shift at this scattering angle. With these data the ε_1 mixing parameter can now be reasonably well determined in a multienergy (m.e.) partial-wave analysis. However, in a single-energy (s.e.) analysis at 50 MeV or 100 MeV it is still poorly determined. In order to improve this situation, we are in need of more accurate spin-correlation data in this energy range. Recently, there have been 45 measurements of A_{yy} at 9 energy bins centered at 19 to 50 MeV, but these (preliminary) data have only been presented in Ref. [10]. Another very important experiment is the recent measurement of A_{zz} at 20 scattering angles at 67.5 MeV [1]. Its importance lies in the fact that the correlations between ε_1 and^1P_1 for the A_{yy} and A_{zz} spin-correlation parameters are of opposite sign. This eliminates a possible bias in the determination of ε_1.

In this Brief Report, we present the results of our m.e. partial-wave analysis (PWA), where we include the new 67.5-MeV data. The data are analyzed in a combined PWA, including all pp and np scattering data below T_{lab} = 350 MeV. In the s.e. analysis of the 50-MeV region, the pp phase parameters are accurately known. This is mainly due to the presence of an extremely accurate pp analyzing-power experiment at 50.04 MeV [11], which was analyzed in an earlier publication by our group [12]. We show that the quality of the np data in this energy region was poor, in that the determination of especially the I = 0 phase parameters in the s.e. analysis lead to results which were unsatisfactory. Inclusion of the new 67.5-MeV data gives a considerable improvement. Therefore, this A_{zz} experiment, together with the 50.04 MeV pp analyzing-power experiment [11], is very important in that it provides us with a fairly complete set of NN scattering data around 50 MeV.

Our way of analyzing the NN scattering data is extensively discussed elsewhere [13,14], so here we will not go into any particular details. In our analyses we solve the relativistic Schrödinger equation, where the well-known long-range interaction is incorporated by a potential tail. The short-range interaction is parametrized with an energy-dependent boundary-condition model. The boundary-condition parametrization is used for the lower partial waves with total angular momentum J ≤ 4. For the intermediate partial waves (5 ≤ J ≤ 8) we use the phase shifts and mixing parameters of the one-pion-exchange (OPE) potential plus the heavy-boson-exchange contributions of the Nijmegen soft-core NN potential [15]. All higher partial waves are given by the OPE phase parameters.

The np data base is not rich and accurate enough to determine both the I = 0 and the I = 1 partial waves. Therefore, in our analyses the I = 0 lower partial waves are searched for, whereas the np I = 1 partial waves are obtained from the pp I = 1 partial waves, after correcting them for Coulomb distortion and mass difference effects. The only exception is the^1S_0 np partial wave, which is parametrized independently of the pp data. In the combined analysis, all NN scattering data are analyzed simultaneously, so the I = 1 lower partial waves are not only determined by the pp data, but also by the np data.

Our data base contains all pp and np scattering data below 350 MeV, published in a regular physics journal as of 1955. The data were carefully pruned on the basis of certain rejection criteria (for more details, see Refs. [13,14]). Prior to the A_{zz} experiment, our np data base contained 2421 scattering data. The pp data base contains 1766 scattering data. In total, we need 51 parameters to parametrize the energy dependence of the boundary conditions. Taking into account the floated normalization parameters which are to be fitted, we are left with 3850 degrees of freedom. We reach χ^2_{min} = 4171.1, consisting of χ^2_{min}(pp) = 1771.4 and χ^2_{min}(np) = 2399.7.

The A_{zz} measurement also involved two analyzing-power measurements [1]. Using the model parameters of our m.e. PWA without these data, we predict χ^2 = 66.2 for these 54 data. The different contributions including the normalization uncertainties are χ^2(P_{beam}) = 9.88 for 12 p(n, n)p analyzing-power data, χ^2(P_{target}) = 23.05 for 19 p(n, p)n analyzing-power data, and χ^2(A_{zz}) = 33.29 for the 20 spin-correlation data. Refitting the model parameters and including these data, we find χ^2(P_{beam}) = 9.22, χ^2(P_{target}) = 22.21, and χ^2(A_{zz}) = 14.77, which means a drop of 20.0 on these data. The χ^2 on the other data in our data base rises with 1.0. Therefore, the new 67.5-MeV data are in excellent agreement with our PWA.

Over the last decade there has been an addition of many precise pp and np scattering data to the world data base, which means that the energy behavior of the phase shifts and mixing parameters, as determined in a m.e. PWA, is very well known. However, one still must do s.e. analyses to obtain estimates for the errors on the phase parameters within some particular energy bin, where one must bear in mind the results of the m.e. analysis. An important criterion for the quality of a s.e. analysis is that it has to agree with the results of the corresponding m.e. analysis. This implies that the s.e. values for the phase parameters should be scattered statistically around the curve representing the m.e. values. So a s.e. analysis without an accompanying m.e. analysis can be misleading. For example, the absence of spin-correlation data in the 100-MeV region makes that the ε_1 cannot be determined very accurately in a s.e. analysis in this energy region. However, the available spin-correlation data at the adjoining energies at 50 and 150 MeV make that the energy behavior of ε_1 is fixed rather well in the m.e. analysis. This means that also at 100 MeV, ε_1 is in fact much more accurately determined by the data than the s.e. result would suggest. Therefore, a s.e. analysis only provides what we would say is an upper limit for the errors on the phase parameters.

In order to obtain an estimate for the errors on the phase parameters, we have also performed s.e. analyses at 50 MeV with and without the new 67.5-MeV data. In these s.e. analyses we analyze the pp and np scattering data between 35.0 and 75.0 MeV. This amounts to 244 pp scattering data and 270 np scattering data. Here we omitted the Harwell np differential cross-section data [16] because they do not survive our rejection criteria, which is in agreement with earlier analyses [2,3]. (They were also not included in the analysis of the Basel group [1]). The 67.5-MeV data contribute with 54 to the np data. The pp^1S_0 phase shift and the np phase parameters up to total angular momentum J = 2 (except for the^3F_2) are searched for by adding a constant to be added to the energy-dependent boundary condition of the m.e. fit, which ensures a proper energy dependence for the phase parameters. The differences between the pp and np I = 1 phase parameters are fixed at the values as obtained in our m.e. analysis. All other phase parameters are fixed at their m.e. value.

In the second and third columns of Table I we present the m.e. and s.e. np phase parameters and the pp^1S_0 phase shift as obtained in the analysis without the 67.5-MeV data. The errors on the I = 1 phase parameters (except the np^1S_0) shown in the upper half of Table I are rather small. This is due to the fact that the corresponding pp phase parameters are accurately known [12], and the np I = 1 phase parameters in our analyses are obtained from the pp phase parameters after correcting them for Coulomb and mass-difference effects, where we also allow for a possible difference between the neutral- and charged-pion nucleon coupling constants [17,18].

The ε_1 is very ill-determined; the difference between the m.e. result and the s.e. result is more than 6 standard deviations, which is unacceptably large. We have not been able to pinpoint a specific group of data which causes this aberrant behavior. We also included preliminary values of the Karlsruhe A_{yy} data [10] (which were included in the analysis of the Basel group), but this did not change the result for the ε_1. We therefore redid the s.e. analysis, now fixing the ε_1 at its m.e. value. The results are presented in the fourth column of Table I. The result is still not satisfactory in that some of the s.e. phase shifts (^1S_0(np),^1 P_1,^3 D_2) are more than 3 standard deviations off when compared with their m.e. values. These results demonstrate that a s.e. analysis cannot be very useful if it cannot be compared with an accompanying m.e. analysis. The fact that it is mainly the I = 0 phase parameters which are ill-determined, reflects that the information stored in the np data in this energy region is rather poor.

Inclusion of the 67.5-MeV data gives a considerable improvement. The results for the phase parameters are presented in the last two columns of Table I. The phase parameters from the m.e. analysis including these data do not differ very much from those of the m.e. analysis without these data, demonstrating that the energy behavior of the phase parameters was already pretty well-determined before the inclusion of the 67.5-MeV experiment. The differences between the m.e. and the s.e. phase parameters are now within one standard deviation. The I = 1 phase parameters did not change very much, because they are mainly determined by the pp scattering data. The^1S_0(np) phase shift and the I = 0 phase parameters, however, are now determined much more accurately.

Supported by the fact that the m.e. values for the phase parameters do not change very much and are determined by the NN data as a whole, we believe that for the Nijmegen analyses the “best” value for a particular phase parameter is the value as obtained in the m.e. analysis, rather than the value as obtained in the s.e. analysis. Our m.e. result for the mixing parameter at 50 MeV is ε_1 = 2.2^∘ ±0.1^∘, whereas our s.e. result reads ε_1 = 2.4^∘ ±0.5^∘, where the s.e. error provides an upper bound for the true error. The true error is likely to be smaller. We therefore quote our result as ε_1 = 2.2^∘, with an error somewhat smaller than 0.5^∘. This is substantially lower than the result of the Basel group who find [1] ε_1 = 2.9^∘ ± 0.3^∘. There are several possibilities which could give rise to such a difference. First of all, we include all data in the 35–75 MeV energy range, whereas the Basel group studied the 32–68 MeV energy range and included a free normalization parameter for every experiment. They also include the Karlsruhe A_{yy} data [10], whereas we do not since these have not been published in a regular physics journal. Next to the phase parameters with J ≤ 2 they also search the 1F_3 phase shift and the ε_3 mixing parameter, where the phase parameters are assumed to be linear over the energy range studied. Moreover, in their analysis the I = 1 np phase parameters are obtained from the corresponding pp phase parameters correcting them for Coulomb effects only. In Ref. [17] it is demonstrated that the Coulomb and mass-difference effects are of the same order of magnitude, so the latter corrections should not be neglected; they will influence the values found for the phase parameters.

Our present result ε_1 = 2.2^∘ with an error somewhat smaller than 0.5^∘ is not much different from the prediction of modern NN potential models, in contrast to the result of the Basel group. The Nijmegen soft-core potential [15] gives ε_1 = 2.27^∘, the parametrized Paris potential [19] gives ε_1 = 1.89^∘, and the full Bonn potential [20] gives ε_1 = 2.08^∘. These values are in excellent agreement with our determination. In Fig. 1, we plotted ε_1 as determined in our s.e. and m.e. PWA’s up to T_{lab} = 200 MeV, together with various potential-model predictions. This figure clearly refutes the claim of the Basel group [1] that the value of ε_1 (especially at 50 MeV) is significantly higher than the potential-model predictions. For the^1P_1 phase shift, the agreement is less satisfactory. The value of the Nijmegen potential with δ(^1P_1) = −8.65^∘ is smaller than our m.e. (−9.77^∘) and s.e. (−9.52^∘) results, whereas the results of the Paris and Bonn potentials with δ(^1P_1) = −10.95^∘ and δ(^1P_1) = −10.48^∘, respectively, are higher.

Summarizing, we have analyzed the new A_{zz} data at 67.5 MeV. These data are in excellent agreement with the other NN scattering data in our 0–350 MeV data base. The importance of this experiment lies in the fact that it provides us with a fairly complete set of NN data in the 50-MeV region. Especially the I = 0 phase parameters can now be determined much more accurately. However, the ε_1 mixing parameter is in good agreement with modern potential predictions. This in contrast to the claim of the Basel group. The accuracy with which the I = 0 phase parameters can be determined suggests that similar experiments should be valuable in the 100-MeV region. However, we want to stress the fact that the phase parameters at 100 MeV are already rather accurately fixed in the m.e. analysis, due to the accuracy of the NN scattering data in the adjoining energy regions below and above 100 MeV. Still, such experiments would improve the quality of the s.e. analysis.

Part of this work was included in the research program of the Stichting voor Fundamenteel Onderzoek der Materie (FOM) with financial support from the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).

REFERENCES

[1] M. Hammans, C. Brogli-Gysin, S. Burzynski, J. Campbell, P. Haffter, R. Henneck, W.

Lorenzon, M.A. Pickar, I. Sick, J.A. Konter, S. Mango, and B. van den Brandt, Phys. Rev. Lett. 66, 2293 (1991); R. Henneck, private communication.

[2] J. Binstock and R. Bryan, Phys. Rev. D 9, 2528 (1974).

[3] R.A. Arndt, J. Binstock, and R. Bryan, Phys. Rev. D 8, 1397 (1973); R. Bryan and J.

Binstock, Phys. Rev. D 10, 72 (1974); P.F. Brady, Lect. Notes in Phys. 82, 137 (1978). [4] J.J. Malanify, P.J. Bendt, T.R. Roberts, and J.E. Simmons, Phys. Rev. Lett. 17, 481 (1966).

[5] S.W. Johnsen, F.P. Brady, N.S.P. King, M.W. McNaughton, and P. Signell, Phys. Rev.

Lett. 38, 1123 (1977).

[6] D.H. Fitzgerald, F.P. Brady, R. Garrett, S.W. Johnsen, J.L. Romero, T.S. Subramanian, J.L. Ullmann, and J.W. Watson, Phys. Rev. C 21, 1190 (1980).

[7] J. Sowinski, R.C. Byrd, W.W. Jacobs, S.E. Vigdor, C. Whiddon, S.W. Wissink, L.D.

Knutson, and P.L. Jolivette, Phys. Lett. B 199, 341 (1987).

[8] D. Bandyopadhyay, R. Abegg, M. Ahmad, J. Birchall, K. Chantziantoniou, C.A. Davis, N.E. Davison, P.P.J. Delheij, P.W. Green, L.G. Greeniaus, D.C. Healey, C. Lapointe, W.J. McDonald, C.A. Miller, G.A. Moss, S.A. Page, W.D. Ramsay, N.L. Rodning, G. Roy, W.T.H. van Oers, G.D. Wait, J.W. Watson, and Y. Ye, Phys. Rev. C 40, 2684 (1989).

[9] M. Schöberl, H. Kuiper, R. Schmelzer, G. Mertens, and W. Tornow, Nucl. Phys. A489, 284 (1988).

[10] P. Doll et al., in Proceedings of the Twelfth International Conference on Few Body Problems in Physics, Vancouver, British Columbia, 1989, edited by H.W. Fearing [Nucl. Phys. A508, 1c-675c (1990)].

[11] J. Smyrski, St. Kistryn, J. Lang, J. Liechti, H. Lüscher, Th. Maier, R. Müller, M.

Simonius, J. Sromicki, F. Foroughi, and W. Haeberli, Nucl. Phys. A501, 319 (1989). [12] V.G.J. Stoks and J.J. de Swart, Nucl. Phys. A514, 309 (1990).

[13] J.R. Bergervoet, P.C. van Campen, W.A. van der Sanden, and J.J. de Swart, Phys.

Rev. C 38, 15 (1988).

[14] J.R. Bergervoet, P.C. van Campen, R.A.M. Klomp, J.-L. de Kok, T.A. Rijken, V.G.J.

Stoks, and J.J. de Swart, Phys. Rev. C 41, 1435 (1990).

[15] M.M. Nagels, T.A. Rijken, and J.J. de Swart, Phys. Rev. D 17, 768 (1978). [16] J.P. Scanlon, G.H. Stafford, J.J. Thresher, P.H. Bowen, and A. Langsford, Nucl. Phys.

41, 401 (1963).

[17] V.G.J. Stoks, Ph.D. thesis, University of Nijmegen, 1990 (unpublished). [18] R.A.M. Klomp, V.G.J. Stoks, and J.J. de Swart, Phys. Rev. C 44, R1258 (1991). [19] M. Lacombe, B. Loiseau, J.M. Richard, R. Vinh Mau, J. Côté, P. Pirès, and R. de Tourreil, Phys. Rev. C 21, 861 (1980).

[20] R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep. 149, 1 (1987).

TABLES TABLE I. Multienergy (m.e.) and single-energy (s.e.) np phase parameters in degrees at T_{lab} = 50 MeV. The pp^1S_0 phase shift is also given. The results are for the analyses without and with the inclusion of the 67.5-MeV data. In the s.e. (ii) analysis the ε_1 is fixed at its m.e. value. N_{df} denotes the number of degrees of freedom.

Without 67.5-MeV data With 67.5-MeV data m.e. s.e. (i) s.e. (ii) m.e. s.e.

χ^2 512.9 477.4 497.1 560.3 553.4 N_{df} 460 461 511 1S_0(pp) 39.12 39.06±0.09 39.06±0.09 39.13 39.07±0.09

1S_0(np) 40.34 42.50±1.70 38.10±1.30 40.38 40.70±1.10 1D_2 1.67 1.69±0.01 1.69±0.01 1.67 1.68±0.01 3P_0 10.07 10.10±0.11 10.08±0.11 10.09 10.06±0.11 3P_1 –7.96 –7.98±0.04 –7.99±0.04 –7.97 –7.98±0.04 3P_2 5.79 5.80±0.02 5.81±0.02 5.80 5.80±0.02 ε_2 –1.57 –1.59±0.02 –1.58±0.02 –1.57 –1.58±0.02

1P_1 –9.64 –10.36±0.48 –11.22±0.49 –9.77 –9.52±0.24 3S_1 62.88 62.04±0.72 64.02±0.49 62.86 62.84±0.50 ε_1 2.11 5.94±0.59 fixed 2.16 2.37±0.48 3D_1 –6.45 –6.14±0.11 –6.06±0.13 –6.44 –6.46±0.08 3D_2 9.07 8.63±0.34 7.95±0.32 9.01 9.03±0.20

FIGURES FIG. 1. Mixing parameter ε_1 in degrees versus T_{lab} in MeV. Black dots: single-energy result;

solid curve: multi-energy result; dash-dotted curve: Nijmegen potential; dotted curve: Paris potential; dashed curve: Bonn potential.