THEF-NIJM 91.09

A new partial wave analysis and the nucleon-nucleon interaction^∗

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

Abstract

We present some recent results of the Nijmegen partial-wave analysis of all NN scattering data below T_{lab} = 350 MeV. We compare the predictions of various NN potential models with the NN scattering data and with the phase parameters at 50 MeV.

21.30.+y, 13.75.Cs, 11.80.Et, 12.40.Qq

Typeset using REVTEX

∗Invited talk by J.J. de Swart at the XIIIth European Conference on Few-Body Problems in Physics, Elba, Italy, September 9-14, 1991. Published in the proceedings; Few-Body Systems Suppl. 6, 105 (1992).

I. INTRODUCTION

For many years, the Nijmegen group has been investigating the baryon-baryon interaction. After the construction of several hard-core nucleon-nucleon and hyperon-nucleon potentials, this culminated in 1978 in the construction of the soft-core NN potential [1]. This was, and still is, one of the best NN potentials presently available. There is a coordinatespace version [1] and a momentum-space version [2], which are totally equivalent; they produce exactly the same phase parameters at all energies. In order to improve this potential, we needed to get both a better understanding of the underlying theory and a better knowledge of the experimental data. For that purpose we started to develop theoretical and computational tools to perform phase-shift (or rather partial-wave) analyses of the NN scattering data. The first major step, the analysis of the pp scattering data, has been published several years ago [3,4].

At present we have obtained also fits (still preliminary) with the np scattering data and with the combined pp and np scattering data. In this talk we discuss some of the features of our way of analyzing the data. In order to present the results of our analyses, we will discuss some special topics. In Sec. 3 we will discuss our determination of the NNπ coupling constants. We consider this determination one of the nicest results of our partial-wave analyses. Because we have obtained a good knowledge of the experimental data and because we can compute the experimental observables properly, in Sec. 4 we make comparisons of various NN potential models with the NN data. This is repeated in Sec. 5, where we now compare the potential predictions with the phase parameters at 50 MeV. Our important conclusion is that our value for the mixing parameter ε_1 is in perfect agreement with modern potential predictions.

II. PARTIAL-WAVE ANALYSIS

The first main problem in doing partial-wave analyses is: How to calculate the scattering amplitudes in terms of phase shifts (and mixing parameters)? We want to stress that this is a non-trivial problem, because the proper treatment of the electromagnetic part of the interaction and its effect on the phase shifts and the scattering amplitude is very important and at the same time rather complicated. For example, in the case of pp scattering the onepion-exchange (OPE) amplitude has to be calculated properly, including its distortion by the Coulomb interaction. This means that the analytical expression for the OPE scattering amplitude cannot be used. Here also lie some of the differences between the various partialwave analyses that have appeared in the literature: In the Nijmegen [4], VPI&SU [5], and Saclay [6] analyses, the higher partial waves and Coulomb distortion effects are treated differently.

The second main problem is: What is a good parametrization for the energy dependence of the phase parameters? This is important when doing multi-energy (m.e.) partial-wave analyses. The basis of any partial-wave analysis (PWA) is a good m.e. analysis. In such a m.e. PWA all experimental data at all energies are used. Such an analysis should be compared with several single-energy (s.e.) PWAs, in which the data in some energy interval are used in determining the phase parameters at one single energy. This energy usually corresponds to the middle of that energy interval; however, this is not strictly necessary. In s.e. PWAs at several energies we determine the phase parameters and their errors. These s.e. values for the phase parameters should scatter statistically around the curve representing the phase parameters as determined in the m.e. PWA.

We think that our analyses, and especially our energy dependence of the phase parameters, is of such quality that the situation sketched above is correct. Therefore, 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.

As an example, consider the^3S_1-^3D_1 mixing parameter ε_1 in np scattering around 100 MeV. In a s.e. analysis at 100 MeV, ε_1 is not accurately known due to the absence of spincorrelation data. This is shown in Fig. 1, where our s.e. results are represented by the black dots. At the adjoining energies at 50 and 150 MeV the available spin-correlation data provide for an accurate determination of ε_1. These data, and the data at lower and higher energies make that ε_1 is fixed rather well in the m.e. analysis, represented by the solid line. 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. The example demonstrates that a s.e. analysis without an accompanying m.e. analysis is not very useful for making statements with regard to the accuracy with which the phase parameters are determined.

The energy dependence of the lower partial waves in our analyses is determined as follows. In our analysis we divide the interaction into two parts: a long-range part V_L which is well known and essentially model independent, and a short-range part V_S which is treated phenomenologically. The long-range part V_L = V_{EM} +V_{NUC} consists of the complete electromagnetic interaction V_{EM} and the tail of the nuclear potential V_{NUC} . The electromagnetic potential contains the non-static Coulomb potential [7] (including relativistic corrections and two-photon-exchange corrections), the magnetic-moment interaction [8], and the vacuum polarization interaction [9]. The tail of the nuclear potential is dominated by the one-pion-exchange (OPE) potential, but contains also contributions of shorter range due to multi-pion exchange or the exchange of heavier bosons (like ρ, ω, η). For these shorter-range contributions we use the Nijmegen potential [1]: Nijm78. However, because we only need the tail of the potential (outside r = 1.4 fm), any decent potential would have sufficed here.

Using this long-range potential V_L, the radial Schrödinger equation

(Δ + k^2)ψ = 2M_{red}V_Lψ (1)

is solved for r > b = 1.4 fm. Relativistic effects are taken into account via the potential and by using the relativistic expression for the c.m. energy E = √ m^2_1 + k^2 + √ m^2 + k^2 − (m_1 + m_2) . (2)

The presence of the centrifugal barrier makes that the Schrödinger equation need only be solved for a small number of lower partial waves. Still, the equation has to be solved for all energies at which experimental data have been measured. The phenomenology, necessary to describe the short-range interaction is represented by a boundary condition at r = b. The boundary condition for each of the lower partial waves is parametrized by a square well potential of range r = b. The depth V_S of this potential is independent of r, but is allowed to be energy dependent and different in the different partial waves. It can be shown that

V_S is an analytic function of the energy. Inclusion of a certain interaction in the long-range potential tail V_L implies that the corresponding left-hand singularities in V_S are removed. In our analyses the nearest left-hand singularity in V_S is a cut starting at T_{lab} = −40 MeV and is due to two-pion exchange. The nearest right-hand cut lies at T_{lab} = 280 MeV and is due to inelasticities of the pion production threshold. Fortunately, at energies below 400 MeV inelasticities are still very small, so in our analyses we extend the energy range to be considered to 350 MeV. Because V_S is an analytic function of k^2, regular in the cut plane between T_{lab} = −40 MeV and T_{lab} = 280 MeV, we can parametrize it conveniently as a power series in k^2. This analytic parametrization guarantees a pretty good energy dependence of our phase parameters.

A major problem in doing np analyses is that the np data base is not rich and accurate enough to determine both I = 0 and I = 1 partial waves. Therefore, in our analysis the I = 0 lower partial waves are searched for, whereas the np I = 1 partial waves (except the 1S_0 np phase shift) are obtained from the corresponding pp partial waves, after correcting them for Coulomb distortion and mass difference effects, and charge-independence breaking of the pion-nucleon coupling constants [10]. At present (June 1991) our data base contains 4208 NN scattering data (1766 pp scattering data and 2442 np scattering data). A large number of data have been removed from the data base because they are of poor quality (more than 3 standard deviations off). We need 51 parameters to parametrize the lower partial waves up to J = 4 and we reach χ^2_{min} = 4186.3 which is less than 1 per data point.

From the fact that we need about 50 parameters to obtain a satisfactory description of the scattering data, we tentatively conclude that any potential will need about the same number of parameters for a good description of the NN scattering data. This explains why recent ‘good’ potential models (such as Nijm78 [1], Paris80 [11], Bonn87 [12]) only arrive at a χ^2/N_{data} in the order of 2: they use only about 13 parameters. In this context it is interesting to remark that the latest Nijmegen Reidlike pp potential (see Sec. 4), which fits the pp data as well as (and even slightly better than) our m.e. PWA, has exactly the same number of parameters as this PWA.

III. DETERMINATION OF THE NNπ COUPLING CONSTANTS

One of the important results of our new partial-wave analysis is the accurate determinations of the various NNπ coupling constants at the pion pole. Let us sketch the present situation.

In the construction of the various Nijmegen NN potentials [13,1], the NNπ coupling constant was determined by fitting to the NN data of pre-1969 using the Livermore phaseshift analyses [14]. In 1975 the rather successful hard-core potential model D used f^2 = 0.074, while the soft-core potential Nijm78 used the value f^2 = 0.077 at the pion pole. A few years later, in a phase-shift analysis of the low-energy pp scattering data, the tensor combination of the triplet P waves indicated that the ppπ^0 coupling constant should be small. At that time, a value of f^2_p ≈ 0.075 was suggested by us [15]. Again, some years later, in a preliminary PWA of the pp scattering data below T_{lab} = 350 MeV [16], we found f^2_p = 0.0725(6). This preliminary version did not contain the magnetic-moment interaction [8] and it used a much smaller data base than presently available. The newer, updated value [4] is f^2_p = 0.0749(7). These values are significantly smaller than the at that time accepted value for the charged-pion coupling constant f^2_c = 0.079(1), as determined from πN scattering [17].

In 1987 it was clear to us that there was a large discrepancy between the value for the ppπ^0 coupling constant as determined from the pp scattering data [16] and the value for the charged-pion coupling constant as determined from the πN scattering data. Because there was no obvious reason to doubt either one of these determinations, it was concluded [16] that there apparently is a large breaking of charge independence in the coupling constants. However, subsequent theoretical model calculations have not been able to explain such a large breaking. The differences were always found to be rather small and in most models the charged-pion coupling was found to be smaller than the ppπ^0 coupling (see, e.g., Refs. [18,19]). If we are to believe the theoretical model calculations which rule out a large charge-independence breaking, we can only come to the conclusion that the determination of at least one of these two coupling constants should be incorrect.

We are confident of our value for f^2_p extracted from the pp scattering data. We therefore believe that the previously accepted high value for f^2_c as determined in πN scattering can no longer be taken for granted. Recent determinations of this coupling constant in the VPI&SU analyses of the πN scattering data by Arndt and co-workers [20] resulted in f^2_c = 0.0735(15). The value for f^2_c could also be determined in an analysis of the data on the charge-exchange reaction pp → nn below p_{lab} = 950 MeV/c, which resulted in [21] f^2_c = 0.0751(17). Both results are within one standard deviation from the value for f^2_p determined in the Nijmegen pp analysis [4], so large charge-independence-breaking effects need no longer be invoked.

This result is also supported by the preliminary result of our NN partial-wave analysis, which now also includes the np scattering data. Introducing the three relevant coupling constants f^2_p ≡ f_{ppπ}0 f_{ppπ}0 for pp → pp , f^2_0 ≡ −f_{nnπ}0 f_{ppπ}0 for np → np , 2f^2_c ≡ f_{npπ}− f_{pnπ}+ for np → pn . (3) we find at the pion pole

f^2_p = 0.0751(6) , f^2_0 = 0.0752(8) , f^2_c = 0.0741(5) , (4)

which implies a value for the nnπ^0 coupling constant of f^2_n = 0.075(2). Assuming that charge independence between the coupling constants holds, we have also performed a combined analysis where we use one coupling constant only, i.e., f^2 ≡ f^2_p = f^2_n = f^2_c . We then find

f^2 = 0.0749(4) , (5)

and χ^2_{min} rises with 6.8. Comparing with the result (4) shows that there apparently is no significant charge-independence breaking in the NNπ coupling constants. This corroborates the results of various theoretical model calculations [18,19] which find that charge-independence-breaking effects are small.

There are several ways for demonstrating that what we determine is indeed the strength of the OPE potential, where we here mention the possibility to extract the corresponding pion mass. We find m_π0 = 135.6±1.3 MeV, to be compared with the experimental value [22] of m_π0 = 134.9739(6) MeV, and m_π+ = 139.4 ± 1.0 MeV, also in excellent agreement with the experimental value [22] m_π+ = 139.5675(4) MeV.

IV. QUALITY OF NN POTENTIALS

Another result of a complete PWA is that a good knowledge of the data is available. This can then be used to see how well the various potential models fit the experimental data. The s.e. analyses at a number of different energy bins provide us with error matrices for the lower partial-wave phase parameters. Because our combined analysis of the pp and np data is not in a final stage yet, we here focus mainly on the pp analysis. The s.e. analyses provide us with ten error matrices E_n. The error matrix is the inverse of half the second derivative matrix of the χ^2 hypersurface with respect to the phase parameters. Denoting the deviation of some model phase parameters from the s.e. phase parameters in each energy bin by d, the χ^2 of the model can now be written as a sum of the s.e. contributions χ^2_{se,n} and the contributions from the representation matrices χ^2_{rep,n}, i.e.,

χ^2(mod) = ∑ n ( χ^2_{se,n} + χ^2_{rep,n} ) = χ^2_{se} + ∑ n d^T E^{−1}_n d . (6)

Although the error matrices E_n give a pretty good representation of the χ^2-surface within a certain energy bin, one should note that it is not an exact representation for several reasons. First of all, the higher partial-wave phase parameters and the normalization constants are fixed at their s.e. values. Furthermore, the data have been clustered at some central energy within an energy bin using the results of the m.e. fit, and next to that we have used the approximation that the χ^2 hypersurface is quadratic in the neighborhood of the minimum. The advantage of using this approximate method is that the phase parameters of a potential model to be tested need only be calculated at a small number (10) of energies. This saves a lot of computer time, while the results are more than sufficient for their purpose.

The quality of the representation of our χ^2-surface was tested in two ways. First, we used our m.e. phase parameters as model phase parameters and calculated the corresponding χ^2-contribution. The difference between χ^2(mod) given by Eq. (6) and the χ^2_{min} reached in our m.e. analysis is only 0.35. This means that the χ^2 as calculated directly on the data and the χ^2 calculated via Eq. (6) only differ by 0.02%. This shows that the approximation that the χ^2 hypersurface of the s.e. analyses is quadratic up to the χ^2_{min} of the m.e. analysis, is actually very good. As a second test we used the Nijm78 soft-core potential [1] to compare the χ^2-value obtained using Eq. (6) with the χ^2-value obtained from a direct comparison with the data. We are now farther away from the minimum χ^2. The difference is now about 2%, which is satisfactory. It allows us to use Eq (6) to make statements with regard to the quality of some potential model.

We have compared a number of different NN potential models which have appeared in the literature with the pp scattering data. However, in order to make a fair comparison possible, we only consider the 3–350 MeV region. The reason is that the^1S_0 phase shift values at the interference minimum (0.38254 MeV) and at 1.0 MeV are very accurately known. So if the^1S_0 of a potential model is a little bit off, the χ^2 contribution can be enormous. For example, the Paris potential [11] gives a χ^2 contribution of more than 4500 on these two energy bins alone, whereas at the other energy bins between 3 and 350 MeV the quality of the potential is very satisfactory.

Still, even in the 3–350 MeV region the quality of most potential models is very poor. This is partly due to the following. In our analysis (and also in the VPI&SU analysis [5]), there is a difference between the pp^1S_0 and the np^1S_0 phase shifts of about 2^∘. At low energies the difference is even larger (about 5^∘ at 10 MeV). Such a difference cannot be obtained using a nuclear potential model where one only includes the electromagnetic interaction. Indeed, adding the electromagnetic interaction to the Argonne v_{14} potential [23] which was fitted to the np data, we arrive at a χ^2/N_{data} of more than 7 for the pp data. This large value is for a part due to an incorrect pp^1S_0 phase shift. When we give the Argonne v_{14} potential perfect pp^1S_0 phase shifts, the χ^2/N_{data} on the pp data drops to about 4.3. For the Nijm78 [1] and Paris80 [11] potentials such a situation does not apply, since these models were explicitly fitted to the np as well as the pp scattering data.

Therefore, in the following we will focus on 4 potential models which were constructed to explicitly fit the pp data: the Nijm78 soft-core potential [1], the parametrized Paris80 potential [11], an update of the Bonn potential especially fitted to the pp scattering data [24] (denoted by Bonn89), and a Reidlike Nijmegen potential [10] NijmRdl 91, where each partial wave is fitted separately to the pp scattering data. The Reidlike potential is constructed in order to have a phenomenological potential model which reproduces the phase parameters of our partial-wave analysis. It provides a very good representation of this analysis. The results are shown in Table I. We note that the old Nijm78 and Paris80 potentials, and the new Bonn89 potential are roughly of the same quality: χ^2/N_{data} ≈ 2. The new NijmRdl 91 potential fits the data much better and is as good as (and even a little bit better than) the m.e. analysis: χ^2/N_{data} = 1.0.

At this point it is perhaps good to clarify a question which was raised at the Elba Conference. There somebody tried to imply that there is something wrong with the Nijmegen data base. We have compared our data base and our predictions with the VPI&SU analyses using the SAID 1989 solution. This concerns NN data in the 8–325 MeV energy range. The data bases contain

1113 pp data and 2265 np data = 3378 NN data in SAID 89, 1382 pp data and 2274 np data = 3656 NN data in Nijmegen PWA.

From these numbers it appears definitely not true that we reject more data than VPI&SU. We have compared the Paris80 potential directly (not using Eq. (6)) with these two data sets. The χ^2/N_{data} of the Paris80 potential on the interval 8–325 MeV yields

pp data : χ^2/N_{data} = 2.27 in SAID 89 = 2.15 in Nijmegen PWA;

np data : χ^2/N_{data} = 3.31 in SAID 89 = 3.28 in Nijmegen PWA;

NN data : χ^2/N_{data} = 2.96 in SAID 89 = 2.85 in Nijmegen PWA.

The differences between these two comparisons with the data are: SAID 89 contains phase parameters slightly different from the phase parameters calculated by us using the Paris80 potential, the inclusion of the Coulomb interaction in the pp analyses is definitely a source of difference, different NNπ coupling constants are perhaps used, etc. We make the observation that for np the analyses agree very well, while also for pp the agreement is reasonable. We would like to stress here that in the Paris80 potential it is possible to calculate the pp phase parameters as well as the np phase parameters. When one has only np phase parameyters available and one tries to compare with the pp data, one should not complain when the results are shown to be incorrect.

It is also very instructive to see how the different partial waves contribute to the total χ^2. For that purpose we start with the m.e. phase shifts and substitute the^1S_0 phase shift of the different potential models. We then calculate the difference Δχ^2 between this χ^2 and the χ^2 of the m.e. analysis. This is also done for the^1D_2, the triplet P and the triplet F phase shifts. These four separate contributions can then be summed and compared with the χ^2 as obtained when we take all the potential phase shifts together. The results are presented in Table II.

The agreement between the sum of the Δχ^2-contributions substituting the potential model phase shifts one at a time, and the Δχ^2-contribution using all potential model phase shifts simultaneously is satisfactory for the old Nijm78 potential and the new NijmRdl 91 potential. For the Nijm78 potential the Δχ^2-contributions are about the same for each of the separate contributions. On the other hand, for the Paris80 potential the^1S_0 phase shift is rather good, whereas the^3P (and less the^1D_2) phase shifts are not. Similarly, for the Bonn89 potential both the^1S_0 and the^3P phase shifts are not very good. Moreover, for both the Paris80 and Bonn89 potentials, the last column in Table II (the sum of the separate contributions) is substantially higher than the second column (using all potential phase shifts together). This means that the correlation between the various phase shifts in these models is very important. This is not a rather nice feature.

V. ANALYSES AT 50 MEV

Recently, a very accurate pp analyzing power experiment at 50.04 MeV [25] and a measurement of the spin-correlation parameter A_{zz} in np scattering at 67.5 MeV [26] were reported. These experiments, together with the other pp and np scattering data already present in the 50 MeV region, provide us with a fairly complete set of NN scattering data around 50 MeV. This makes that the phase parameters at 50 MeV can now be determined rather accurately. It will be interesting to see how the results of the various potential models compare with these phase parameters.

In Table III we present the pp phase shifts at 50 MeV. The first column gives the phase shifts as determined in the Nijmegen partial-wave analysis. In the following columns we give the pp phase shifts of the different potential models where in square brackets we give the difference with the PWA in standard deviations. For example, the^3P_0 phase shift in the PWA is 11.36 ± 0.12^∘. The Nijm78 potential predicts 11.80^∘ for this phase shift. The difference with the PWA value is 0.44^∘ which amounts to 4 standard deviations. Important to note is that the new Bonn89 potential has a^3P_0 phase shift which is 11 standard deviations too large and a^3P_2 phase shift which is 14 standard deviations too low. These are indications for the fact that this new Bonn89 pp potential has a tensor potential which is too strong, whereas its spin-orbit potential is too weak. We would like to point to the very good performance of the NijmRdl 91 potential for these I = 1 phase parameters.

In Table IV we present some of the I = 0 phase parameters at 50 MeV. The numbers between square brackets again denote the difference with the PWA in standard deviations. For the Bonn potential we have now given the results of the full Bonn87 potential [12]. From Table IV we can draw the conclusion that the NijmRdl 91 potential again gives an excellent fit, while the other potentials give roughly similar predictions. Important is our conclusion that the ε_1 mixing parameter at 50 MeV is ε_1 = 2.16 ± 0.48^∘. This is substantially lower than the result of the analysis by the Basel group [26] of ε_1 = 2.9 ± 0.3^∘, shown as an open circle in Fig. 1. We want to stress here again that the data base for both analyses are similar. Only the conclusions differ. Our value for ε_1 is in perfect agreement with the modern NN potentials.

VI. CONCLUSIONS

The Nijmegen partial-wave analyses of all NN scattering data below T_{lab} = 350 MeV has a χ^2/N_{data} = 1.00. This is a very satisfactory result. Because we have N_{df} = 3850 degrees of freedom we would expect ⟨χ^2_{min}⟩ = 3850 ± 90. We find χ^2_{min} = 4171. This means that there is still room for improvement of our analysis of Δχ^2 ≈ 320, provided that the data form a statistical data set. This possibility for improvement can be used as a powerful tool to check theoretical improvements.

The analysis can also be used to test the quality of potential models. We can calculate the potential phase shifts and make a direct comparison with the data. But we can also include the tail of a potential model in the long-range part V_L which enters the analysis via the Schrödinger equation (1). Performing a m.e. analysis using this potential tail then provides information on its quality.

In our analysis we use the heavier-boson exchanges of some potential model (in the present analysis we use the Nijmegen soft-core potential [1]) to give a non-OPE contribution to the intermediate partial waves with 5 ≤ J ≤ 8. This also provides us with a test for the quality of the non-OPE part of a particular potential model.

Our way of analyzing the data by using a potential tail allows us to determine the NNπ coupling constants. Perhaps in a later stage we will also be able to determine, e.g., the ω and ρ coupling constants.

Finally, we can study charge-independence-breaking effects between the pp and np^1S_0 phase shifts and the triplet P waves.

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.M. Nagels, T.A. Rijken, and J.J. de Swart, Phys. Rev. D 17, 768 (1978). [2] T.A. Rijken, R.A.M. Klomp, and J.J. de Swart, Nijmegen Report THEF-NIJM 91.05. [3] J.R. Bergervoet, P.C. van Campen, W.A. van der Sanden, and J.J. de Swart, Phys.

Rev. C 38, 15 (1988).

[4] 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).

[5] R.A. Arndt, L.D. Roper, R.A. Bryan, R.B. Clark, B.J. VerWest, and P. Signell, Phys.

Rev. D 28, 97 (1983); R.A. Arndt, J.S. Hyslop III, and L.D. Roper, Phys. Rev. D 35, 128 (1987).

[6] J. Bystricky, C. Lechanoine-Leluc, and F. Lehar, J. Phys. (Paris) 48, 199 (1987). [7] G.J.M. Austen and J.J. de Swart, Phys. Rev. Lett. 50, 2039 (1983). [8] V.G.J. Stoks and J.J. de Swart, Phys. Rev. C 42, 1235 (1990). [9] L. Durand III, Phys. Rev. 108, 1597 (1957).

[10] V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen, and J.J. de Swart, submitted to Phys.

Rev. C.

[11] M. Lacombe, B. Loiseau, J.M. Richard, R. Vinh Mau, J. Côté, P. Pirès, and R. de Tourreil, Phys. Rev. C 21, 861 (1980).

[12] R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep. 149, 1 (1987). [13] M.M. Nagels, T.A. Rijken, and J.J. de Swart, Phys. Rev. D 12, 744 (1975); ibid. 15, 2547 (1977).

[14] M.H. MacGregor, R.A. Arndt, and R.M. Wright, Phys. Rev. 182, 1714 (1969). [15] J.J. de Swart, W.A. van der Sanden, and W. Derks, Nucl. Phys. A416, 299c (1984). [16] J.R. Bergervoet, P.C. van Campen, T.A. Rijken, and J.J. de Swart, Phys. Rev. Lett.

59, 2255 (1987).

[17] R. Koch and E. Pietarinen, Nucl. Phys. A336, 331 (1980); O. Dumbrajs, R. Koch, H.

Pilkuhn, G.C. Oades, H. Behrens, J.J. de Swart, and P. Kroll, Nucl. Phys. B216, 277 (1983).

[18] L.K. Morrison, Ann. Phys. (NY) 50, 6 (1968); E.M. Henley and Z.-Y. Zhang, Nucl.

Phys. A472, 759 (1987).

[19] Th.A. Rijken, V.G.J. Stoks, R.A.M. Klomp, J.-L. de Kok, and J.J. de Swart, Nucl. Phys.

A508, 173c (1990); Prof. Fan Wang and R. Timmermans, private communication. [20] R.A. Arndt, Z. Li, L.D. Roper, and R.L. Workman, Phys. Rev. Lett. 65, 157 (1990);

R.A. Arndt and R.L. Workman, Phys. Rev. C 43, 2436 (1991); R.A. Arndt, Z. Li, L.D. Roper, and R.L. Workman, Phys. Rev. D 44, 289 (1991).

[21] R.G.E. Timmermans, T.A. Rijken, and J.J. de Swart, Phys. Rev. Lett. 67, 1074 (1991). [22] M. Aguilar-Benitez et al., Phys. Lett. B239, 1 (1990).

[23] R.B. Wiringa, R.A. Smith, and T.L. Ainsworth, Phys. Rev. C 29, 1207 (1984). [24] J. Haidenbauer and K. Holinde, Phys. Rev. C 40, 2465 (1989).

[25] 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. A514, 319 (1989). [26] 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).

TABLES

TABLE I. χ^2 values at the 8 single energies between 3 and 350 MeV of the four potential models mentioned in the text and the pp partial-wave analysis. For the total χ^2 one has to add the χ^2_{se} = 1510.5 of the s.e. analyses as in Eq. (6).

energy Nijm78 Paris80 Bonn89 NijmRdl 91 PWA91

5 52.2 18.4 8.6 15.1 17.7 10 76.4 33.2 46.0 13.8 18.8 25 66.2 12.0 20.0 3.2 0.9 50 531.2 347.7 333.2 9.7 16.4 100 131.1 42.0 56.0 23.0 20.4 150 206.1 419.5 306.0 20.6 21.8 215 198.0 170.3 312.0 11.9 15.2 320 425.5 572.1 518.9 7.1 3.3 3–350 1686.7 1615.2 1600.6 104.3 114.5 χ^2/N_{data} 2.0 2.0 2.0 1.0 1.0

TABLE II. The difference Δχ^2 (see text) in the 3–350 MeV energy range of various potential models using all potential phase shifts, or using one particular phase shift only.

Model All Only one phase shift phases^1S_0^3P^1D_2^3F Sum Nijm78 1572.2 302.0 462.8 403.6 442.1 1610.5 Paris80 1500.7 137.2 835.0 637.0 459.6 2068.8

Bonn89 1486.1 630.5 743.4 341.4 193.8 1909.1 NijmRdl 91 –10.2 5.6 0.0 –12.0 1.1 –5.3

TABLE III. pp phase shifts in degrees at 50 MeV of the partial-wave analysis and of various potential models. The numbers between square brackets denote the difference with the partial-wave analysis in standard deviations.

phase PWA Nijm78 Paris80 Bonn89 NijmRdl 91 1S_0 39.14±0.09 39.58[5] 38.75[4] 38.25[10] 38.82[4] 1D_2 1.70±0.01 1.63[7] 1.80[10] 1.68[2] 1.70[0] 3P_0 11.36±0.12 11.80[4] 11.81[4] 12.66[11] 11.43[1] 3P_1 –8.26±0.04 –8.36[2] –8.41[4] –8.34[2] –8.28[0] 3P_2 5.84±0.02 5.78[3] 5.72[2] 5.56[14] 5.80[2]

TABLE IV. np I = 0 phase parameters in degrees at 50 MeV of the partial-wave analysis and of various potential models. The numbers between square brackets denote the difference with the partial-wave analysis in standard deviations.

phase PWA Nijm78 Paris80 Bonn87 NijmRdl 91 1P_1 –9.83±0.24 –8.64[5] –10.94[5] –10.48[3] –9.78[0] 3S_1 62.70±0.50 60.40[5] 62.30[1] 62.20[1] 62.50[1] 3D_1 –6.43±0.08 –6.60[2] –6.77[4] –6.98[7] –6.44[0] ε_1 2.16±0.48 2.27[0] 1.89[1] 2.08[0] 2.15[0]

FIGURES FIG. 1. Mixing parameter ε_1 in degrees versus T_{lab} in MeV. •: s.e. result; ∘: result Basel group [26]; solid curve: m.e. result; dash-dotted curve: Nijmegen potential; dotted curve: Paris potential; dashed curve: Bonn potential.