arXiv:nucl-th/0004039 18 Apr 2000

Nucleon-nucleon elastic scattering to 3 GeV

Richard A. Arndt^∗, Igor I. Strakovsky^†, and Ron L. Workman^‡ Center for Nuclear Studies and Department of Physics The George Washington University Washington, DC 20052 (April 17, 2000)

Abstract

A partial-wave analysis (PWA) of NN elastic scattering data has been completed. This analysis covers an expanded energy range, from threshold to a laboratory kinetic energy of 3 GeV, in order to include recent elastic pp polarized scattering measurements performed at SATURNE II. Results of the energy-dependent fit are compared with single-energy solutions and Saclay amplitudes obtained via the direct-reconstruction approach. We also comment on the status of ϵ_1 in the low-energy region.

PACS numbers: 11.80.Et, 13.75.Cs, 25.40.Cm, 25.40.Dn

Typeset using REVTEX

∗arndtra@enterprise.phys.vt.edu

†igor@gwu.edu

‡rworkman@gwu.edu

I. INTRODUCTION

This analysis of elastic nucleon-nucleon scattering data updates our previous analyses to 1.6 GeV [1] and 2.5 GeV [2] in the laboratory kinetic energy. The present analysis has been extended to 3 GeV in order to include both the elastic pp polarized measurements [3] − [12] from SATURNE II at Saclay, and pp differential cross sections measured [13] by the EDDA collaboration using the cooler synchrotron at COSY. A detailed description of our database is given in Section II.

As discussed in Ref. [2], the region beyond 2 GeV is interesting for several reasons. These include the suggestion of a narrow dibaryon resonance, corresponding to a centerof-mass energy of 2.7 GeV. Near this energy, a sharp structure was found in preliminary A_{yy} measurements [14] and this was taken as support for such a resonance. The authors of Ref. [13] considered this possibility but found no evidence in their differential cross section measurements. No significant anomaly was seen in the angular and energy dependence of detailed analyzing power [10] and correlated spin measurement at Saclay [8].

The possible onset of behavior suggested by dimensional counting at high energy and fixed center-of-mass angle is also intriguing [15,16]. In Ref. [2], we noted that dσ/dt appeared to be approaching s^{−10}, as expected within perturbative QCD. Thus, an extended energy range is needed to verify this trend. An extension of the np analysis beyond 1.3 GeV would also benefit those studying the two-body photodisintegration of the deuteron at Jefferson Lab, which shows an interesting scaling behavior at some scattering angles [17,18]. Unfortunately, the np data base remains too sparse to support a reliable analysis beyond 1.3 GeV.

In the present work, we have focused mainly on the influence of new polarization data at higher energies, and on the behavior of ϵ_1 at low energies. The Saclay group has recently performed a single-energy phase-shift analysis of elastic pp scattering data to 2.7 GeV and np elastic scattering data to 1.1 GeV [19]. In this study, a second set of amplitudes [19,20] was obtained through a direct reconstruction of the scattering amplitudes at fixed energies and angles. We have compared our results to these and, in some cases, find evidence (complimentary to that given by the Saclay group) for non-uniqueness at higher energies. At lower energies, where the behavior of ϵ_1 has been a source of controversy, we compare our results to those of several other groups and suggest there is little evidence for an anomalously large tensor interaction. Results of our analyses are displayed in Section III. In Section IV, we summarize our findings and conclusions.

II. DATABASE

Our two previous pp scattering analyses [1,2] extended to 1.6 and 2.5 GeV, respectively. In both cases, the associated np analysis was restricted to 1.3 GeV. The present data base [21] is considerably larger due both to an expanded energy range for the pp system and the addition of new data at lower energies. The full data base has increased by 30% since the publication of Ref. [2], and is about 70% larger than the set available for the analysis of Ref. [1]. (The total data base has doubled over the last decade (see Table I).) The distribution of recent (post-1997) pp and np data is given in Fig. 1.

In the full data base, one will occasionally find experiments which give conflicting results. Some of these have been excluded from our fits. We have, however, retained all available data sets so that comparisons can be made through our on-line facility [21]. Below, we list recent additions to our data base. Some of the data listed as new were available, in unpublished form, at the time of our previous analysis [2]. A complete description of the data base and those data not included in our analyses is available from the authors.

Two thirds of the 4802 new pp polarization data were produced at Saclay using the SATURNE II accelerator [3] − [12]. These measurements of 9 spin-dependent quantities have increased our data base by a factor of two over the energy range from 1.6 to 2.5 GeV and accounted for a third of the data from 2.5 to 3.0 GeV. Many of the new pp polarization measurements below 450 MeV were made at the Indiana cooler (A_y, A_{yy}, A_{xx}, A_{zz}, and A_{xz}) [25] − [29]. Also, in this energy range are 11 new unpolarized cross sections (at 398 MeV) measured at the Osaka facility [30].

The np data base has not increased significantly. As a result, we have not extended the range of our analyses for the I = 0 system beyond 1.3 GeV. The Geneva group [31], working at PSI, has provided 247 new np spin measurements. From this source, we have also added spin observables A_y, A_t, D_t, and R_t from 260 to 538 MeV [31]. About 60% of the recent SATURN II np polarized measurements fall within our energy range; the full range extends from about 1.1 to 2.4 GeV (182 data points) [32]. A few measurements of Δσ_L and Δσ_T were produced by TUNL [33] and Charles University at Prague [34]. A single measurement of D_t, at 16 MeV, was provided [35] by the ISKP cyclotron at Bonn. We have added 12 unpolarized measurements, between 29 and 73 MeV, from the Louvain-la-Neuve Cyclotron [36]. Finally, we have retained in the analysis a set of 82 total cross section measurements, between 4 and 231 MeV [37], which had earlier been removed in order to have a low-energy data base identical to that used by the Nijmegen group [38].

III. PARTIAL-WAVE ANALYSES

Fits to the expanded data base and extended energy range were found to be possible within the formalism used and described in our previous analyses [1,2]. Both energydependent and single-energy solutions were obtained from fits to the combined pp and np data bases to 1.3 GeV, and from fits to the pp data base alone from 1.3 to 3 GeV. In Table II, we compare the energy-dependent and single-energy results over the energy bins used in the single-energy analyses. Also listed are the number of parameters varied in each single-energy solution. A total of 147 parameters were varied in the energy-dependent analysis (SP00).

Our single-energy and energy-dependent results for the isovector and isoscalar partialwave amplitudes are displayed in Figs. 2 and 3. Here, we also compare with our previous fit (SM97) [2] and a much older fit (FA91) [22]. Partial waves with J < 6 are displayed, whereas the analysis fitted waves up to J = 7. In most cases, SP00 and SM97 are in good agreement. Somewhat larger changes are seen in comparisons with FA91. Differences are generally largest, as one would expect, near the energy upper limits for the various solutions and in the smaller partial waves. Figs. 2 and 3 therefore show that a doubling of the data base has led to a refinement of the amplitudes, but has not required a dramatic change in their behavior.

Single-energy solutions were produced up to 2825 MeV (for pp scattering). In these fits, initial values for the partial-wave amplitudes and their (fixed) energy derivatives were obtained from the energy-dependent solution. A comparison of global and single-energy solutions then serves as a check for structures that could have been “smoothed over” in the energy-dependent analysis. However, structures with widths less than 10 MeV would be very difficult to detect.

In order to ascertain that the extension to 3 GeV (1.3 GeV for np) did not seriously degrade our low-energy results, a 0 − 400 MeV fit was also developed. The resultant solution, SP40, used 30 I = 1 and 27 I = 0 variable parameters to give a χ^2/datum of 4398/3454 (pp), and 5415/3831 (np). The global fit, SP00, produced, for the same energy range, a χ^2/datum of 4593/3454 (pp) and 5371/3831 (np). We consider this quite reasonable given that the number of variable parameters per datum is nearly three times larger for SP40 than for SP00.

In Figs. 4 and 5, we compare our results with the Saclay single-energy analyses [19] for isovector waves below 2.7 GeV and isoscalar waves below 1.1 GeV. In the isoscalar case, the agreement is quite good, given the overall scatter of single-energy fits around the global result. More substantial differences are seen in the Saclay results for I = 1 partial waves above 1 GeV.

A possible explanation for this discrepancy is given in the recent Saclay amplitudereconstruction analysis [19,20]. In Fig. 6, we compare the Saclay results to curves generated from our single-energy and energy-dependent solutions. (A similar comparison was made in the I = 0 case, with good overall agreement between the three solutions.) Here, we are using the notation of Ref. [19] and write the scattering matrix, M, as M(⃗k_f , ⃗k_i) = 1 2 [(a + b) + (a − b) (⃗σ_1 · ⃗n) (⃗σ_2 · ⃗n) + (c + d) (⃗σ_1 · ⃗m) (⃗σ_2 · ⃗m)

+ (c − d) (⃗σ_1 · ⃗l) (⃗σ_2 · ⃗l) + e (⃗σ_1 + ⃗σ_2) · ⃗n], (1)

where ⃗k_f and ⃗k_i are the scattered and incident momenta in the center-of-mass system, and ⃗n = ⃗k_i × ⃗k_f |⃗k_i × ⃗k_f | , ⃗l = ⃗k_i + ⃗k_f |⃗k_i + ⃗k_f | , ⃗m = ⃗k_f − ⃗k_i |⃗k_f − ⃗k_i| . In Refs. [19,20], multiple solutions were found at most energy-angle points. The pp amplitudes are plotted together in Fig. 6 where we can see that, in some cases, our single-energy results favor one branch, while the energy-dependent fit follows another. This feature was also evident in Ref. [19], where it was shown that the Saclay partial-wave analyses followed a branch different from our preliminary energy-dependent fits.

Finally, in Fig. 7, we return to the low-energy region which has been controversial mainly due to recent determinations of ϵ_1. In Ref. [33], the trend of recent determinations was used to argue for an NN tensor interaction stronger than predicted by all meson-exchange-based potential models, and in conflict with values found in both the Nijmegen and VPI partialwave analyses. This trend is absent in our figure, where we have compared two of our energy-dependent fits, SP00 and SP40, and the Nijmegen potential, to a selection of recent single-energy fits. Clearly there is considerable scatter in the single-energy results. However, given this variation, the overall agreement with energy-dependent fits is quite good.

IV. CONCLUSIONS AND FUTURE PROSPECTS

In our previous analysis [2], an extension of the energy range for pp elastic scattering, from 1.6 to 2.5 GeV, was mainly motivated by the addition of precise new (unpolarized) cross section measurements from the EDDA collaboration [13]. Given the sparse polarization data in this region, the fit was expected to change significantly with the addition of Saclay [3] − [12] and future COSY (polarized) measurements. It is therefore somewhat surprising how little our new solution (SP00) has changed from SM97 [2].

We have seen that the I = 0 amplitudes are generally in good agreement with the Saclay results. This holds true in the low-energy region as well, the Saclay value for ϵ_1 being consistent with our result. However, the agreement for pp (I = 1) amplitudes above 1 GeV is less impressive.

As mentioned above, this difference in partial-wave solutions may be a reflection of the non-uniqueness seen in the Saclay amplitude reconstruction. The selection of data included in these analyses could also be a factor. Clearly, this serves as further motivation for the polarization measurements being performed at COSY [45] and JINR [46].

ACKNOWLEDGMENTS

The authors express their gratitude to J. Ball, Z. Dolezal, F. Dohrmann, W. Haeberli, H. O. Klages, C. Lechanoine-Leluc, F. Lehar, B. Lorentz, H.-O. Meyer, N. Olsson, B. von Przewoski, H. M. Spinka, W. Tornow, S. W. Wissink, and K. Yasuda for providing experimental data prior to publication or for clarification of information already published. Also, we thank F. Lehar for fruitful discussions and PWA predictions. This work was supported in part by the U. S. Department of Energy Grant DE–FG02–99ER41110. The authors gratefully acknowledges a contract from Jefferson Lab under which this work was done. Jefferson Lab is operated by the Southeastern Universities Research Association under the U. S. Department of Energy Contract DE–AC05–84ER40150.

REFERENCES

[1] R. A. Arndt, I. I. Strakovsky, and R. L. Workman, Phys. Rev. C 50, 2731 (1994). [2] R. A. Arndt, C. H. Oh, I. I. Strakovsky, R. L. Workman, and F. Dohrmann, Phys. Rev.

C 56, 3005 (1997).

[3] C. E. Allgower, J. Ball, L. S. Barabash, M. Beddo, Y. Bedfer, A. Boutefnouchet, J.

Bystrický, P. Demierre, J.-M. Fontaine, V. Ghazikhanian, D. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, Y. M. Kazarinov, B. A. Khachaturov, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, S. Trentalange, Y. A. Usov, V. V. Vikhrov, B. Vuaridel, C. A. Whitten, and A. A. Zhdanov, Eur. Phys. J. C1, 131 (1998).

[4] C. E. Allgower, J. Ball, M. Beddo, Y. Bedfer, A. Boutefnouchet, J. Bystrický, P.-A.

Chamouard, Ph. Demierre, J.-M. Fontaine, V. Ghazikhanian, D. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, B. A. Khachaturov, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, A. Teglia, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, C. A. Whitten, and A. A. Zhdanov, Nucl. Phys. A637, 231 (1998).

[5] C. E. Allgower, J. Ball, L. S. Barabash, M. Beddo, Y. Bedfer, A. Boutefnouchet, J.

Bystrický, P.-A. Chamouard, Ph. Demierre, J.-M. Fontaine, V. Ghazikhanian, D. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, Yu. M. Kazarinov, B. A. Khachaturov, R. Kunne, C. Lechanoine-Leluc, F. Lehar, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, Y. A. Usov, V. V. Vikhrov, B. Vuaridel, C. A. Whitten, and A. A. Zhdanov, Eur. Phys. J. C5, 453 (1998).

[6] C. E. Allgower, J. Ball, L. S. Barabash, P.-Y. Beauvais, M. E. Beddo, Y. Bedfer, N.

Borisov, A. Boutefnouchet, J. Bystrický, P.-A. Chamouard, M. Combet, Ph. Demierre, J.-M. Fontaine, V. Ghazikhanian, D. P. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, Yu. M. Kazarinov, B. A. Khachaturov, R. Kunne, J. M. Lagniel, F. Lehar, J. L. Lemaire, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, G. Milleret, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, C. A. Whitten, and A. A. Zhdanov, Phys. Rev. C 60, 054001 (1999).

[7] C. E. Allgower, J. Ball, M. E. Beddo, J. Bystrický, P.-A. Chamouard, M. Combet, Ph. Demierre, J.-M. Fontaine, D. P. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, B. A. Khachaturov, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, A. Teglia, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, and A. A. Zhdanov, Phys. Rev. C 60, 054002 (1999).

[8] C. E. Allgower, J. Ball, L. S. Barabash, P.-Y. Beauvais, M. E. Beddo, Y. Bedfer, J.

Bystrický, P.-A. Chamouard, M. Combet, Ph. Demierre, J.-M. Fontaine, V. Ghazikhanian, D. P. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, Yu. M. Kazarinov, B. A. Khachaturov, R. Kunne, J. M. Lagniel, F. Lehar, J. L. Lemaire, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, G. Milleret, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, Yu. A. Usov, V. V.

Vikhrov, B. Vuaridel, C. A. Whitten, and A. A. Zhdanov, Submitted to Phys. Rev. C; C. E. Allgower, Ph. D. Thesis, Arizone State University, 1997 (unpublished).

[9] C. E. Allgower, J. Ball, M. E. Beddo, J. Bystrický, P.-A. Chamouard, M. Combet, Ph. Demierre, J.-M. Fontaine, D. P Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, B. A. Khachaturov, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, M. de Mali, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, A. Teglia, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, and A. A. Zhdanov, Submitted to Phys. Rev. C; C. E. Allgower, Ph. D. Thesis, Arizone State University, 1997 (unpublished).

[10] J. Arvieux, J. Ball, J. Bystrický, J. M. Fontaine, G. Gaillard, J. P. Goudour, R. Hess, R.

Kunne, F. Lehar, A. de Lesquen, D. Lopiano, M. de Mali, F. Perrot-Kunne, D. Rapin, L. van Rossum, J. L. Sans, and H. M. Spinka, Z. Phys. C76, 465 (1997).

[11] J. Ball, M. Beddo, Y. Bedfer, J. Bystrický, P.-A. Chamouard, M. Combet, Ph. Demierre, J.-M. Fontaine, G. Gaillard, D. Grosnick, R. Hess, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, D. Rapin, J.-L. Sans, and H. M. Spinka, Eur. Phys. J. C10, 409 (1999); F. Lehar, private communication, 1999.

[12] J. Ball, C. E. Allgower, M. Beddo, J. Bystrický, M. Combet, Ph. Demierre, G. Durand, J.-M. Fontaine, D. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, B. A. Khachaturov, R. Kunne, F. Lehar, A. de Lesquen, D. Lopiano, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, and A. A. Zhdanov, Eur. Phys. J. C11, 51 (1999).

[13] D. Albers, J. Bisplinghoff, R. Bollmann, K. Büsser, P. Cloth, R. Daniel, O. Diehl, F. Dohrmann, H. P. Engelhardt, J. Ernst, P. D. Eversheim, M. Gasthuber, R. Gebel, J. Greiff, A. Gross, R. Gross-Hardt, S. Heider, A. Heine, F. Hinterberger, M. Igelbrink, R. Jahn, M. Jeske, U. Lahr, R. Langkau, J. Lindlein, R. Maier, R. Maschuw, T. Mayer-Kuckuk, F. Mosel, M. Muller, M. Munstermann, D. Prasuhn, H. Rohdjess, D. Rosendaal, U. Ross, P. van Rossen, H. Scheid, N. Schirm, M. Schulz-Rojahn, F. Schwandt, V. Schwarz, W. Scobel, G. Sterzenbach, H. J. Trelle, A. Wellinghausen, W. Wiedmann, K. Woller, and R. Ziegler, Phys. Rev. Lett. 78, 1652 (1997).

[14] J. Ball, P. A. Chamouard, M. Combet, J. M. Fontaine, R. Kunne, J. M. Lagniel, J. L.

Lemaire, G. Milleret, J. L. Sans, J. Bystrický, F. Lehar, A. de Lesquen, M. de Mali, Ph. Demierre, R. Hess, Z. F. Janout, E. L. Lomon, D. Rapin, B. Vuaridel, L. S. Barabash, Z. Janout, V. A. Kalinnikov, Yu. M. Kazarinov, B. A. Khachaturov, V. N. Matafonov, I. L. Pisarev, A. A. Popov, Yu. A. Yusov, M. Beddo, D. Grosnick, T. Kasprzyk, D. Lopiano, H. Spinka, A. Boutefnouchet, V. Ghazikhanian, and C. A. Whitten, Phys. Lett. B320, 206 (1994).

[15] S. J. Brodsky and G. R. Farrar, Phys. Rev. Lett. 31, 1153 (1973). [16] G. R. Farrar, S. Gottlieb, D. Sivers, and G. H. Thomas, Phys. Rev. D 20, 202 (1979). [17] L. L. Frankfurt, G. A. Miller, M. M. Sargsian, and M. I. Strikman, Phys. Rev. Lett. 84, 3045 (2000).

[18] C. Bochna, B. P. Terburg, D. J. Abbott, A. Ahmidouch, C. S. Armstrong, J. Arrington, K. A. Assamagan, O. K. Baker, S. P. Barrow, D. P. Beatty, D. H. Beck, S. Y. Beedoe, E. J.Beise, J. E. Belz, P. E. Bosted, E. J. Brash, H. Breuer, R. V. Cadman, L. Cardman, R. D. Carlini, J. Cha, N. S. Chant, G. Collins, C. Cothran, W. J. Cummings, S.

Danagoulian, F. A. Duncan, J. A. Dunne, D. Dutta, T. Eden, R. Ent, B. W. Filippone, T.A. Forest, H. T. Fortune, V. V. Frolov, H. Gao, D. F. Geesaman, R. Gilman, P. L. J.Gueye, K. K. Gustafsson, J.-O. Hansen, M. Harvey, W. Hinton, R. J. Holt, H. E. Jackson, C. E. Keppel, M. A. Khandaker, E. R. Kinney, A. Klein, D. M. Koltenuk, G. Kumbartzki, A. F. Lung, D. J. Mack, R. Madey, P. Markowitz, K. W. McFarlane, R. D. McKeown, D. G. Meekins, Z.-E. Meziani, M. A. Miller, J. H. Mitchell, H. G.Mkrtchyan, R. M. Mohring, J. Napolitano, A. M. Nathan, G. Niculescu, I. Niculescu, T. G. O’Neill, B. R. Owen, S. F. Pate, D. H. Potterveld, J. W. Price, G. L. Rakness, R. Ransome, J. Reinhold, P. M. Rutt, C. W. Salgado, G. Savage, R. E. Segel, N. Simicevic, P. Stoler, R. Suleiman, L. Tang, D. van Westrum, W. F. Vulcan, S. Williamson, M. T. Witkowski, S. A. Wood, C. Yan, and B. Zeidman, Phys. Rev. Lett. 81, 4576 (1998).

[19] J. Bystrický, C. Lechanoine-Leluc, and F. Lehar, Eur. Phys. J. C4, 607 (1998); F.

Lehar, private communication, 1999.

[20] J. Ball, J. Bystricky, J.-M. Fontaine, G. Gaillard, R. Hess, Z. Janout, B. A. Khachaturov, R. Kunne, C. D. Lac, C. Lechanoine-Leluc, F. Lehar, A. de Lesquen, D. Lopiano, F. Perrot-Kunne, D. Rapin, L. van Rossum, H. Schmitt, and H. M. Spinka, Nuovo Cim. A111, 13 (1998).

[21] The full data base and numerous PWA and potential models can be accessed via a telnet/ssh call to the SAID facility said.phys.vt.edu, with userid: said (no password), or a link to the website http://said.phys.vt.edu.

[22] R. A. Arndt, L. D. Roper, R. L. Workman, and M. W. McNaughton, Phys. Rev. D 45, 3995 (1992).

[23] R. A. Arndt, J. S. Hyslop, and L. D. Roper, Phys. Rev. D 35, 128 (1987). [24] R. A. Arndt, L. D. Roper, R. A. Bryan, R. B. Clark, B. J. VerWest, and P. Signell, Phys. Rev. D 28, 97 (1983).

[25] W. Haeberli, B. Lorentz, F. Rathmann, M. A. Ross, T. Wise, W. A. Dezarn, J. Doskow, J. G. Hardie, H.-O. Meyer, R. E. Pollock, B. v. Przewoski, T. Rinckel, F. Sperisen, and P. V. Pancella, Phys. Rev. C 55, 597 (1997).

[26] B. Lorentz, W. Haeberli, F. Rathmann, T. Wise, J. Doskow, M. Dzemidzic, H.O. Meyer, R.E. Pollock, B. v. Przewoski, T. Rinckel, F. Sperisen, and P.V. Pancella, Phys. Rev. C 61, 054002 (2000).

[27] B. v. Przewoski, F. Rathmann, W. A. Dezarn, J. Doskow, M. Dzemidzic, W. Haeberli, J. G. Hardie, B. Lorentz, H. O. Meyer, P. V. Pancella, R. E. Pollock, T. Rinckel, F. Sperisen, and T. Wise, Phys. Rev. C 58, 1897 (1998).

[28] F. Rathmann, B. v. Przewoski, W. A. Dezarn, J. Doskow, M. Dzemidzic, W. Haeberli, J. G. Hardie, B. Lorentz, H. O. Meyer, P. V. Pancella, R. E. Pollock, T. Rinckel, F. Sperisen, and T. Wisel, Phys. Rev. C 58, 658 (1998).

[29] S. W. Wissink, S. M. Bowyer, W. A. Franklin, A. D. Bacher, A. Betker, T. Black, T.

Bowyer, Seonho Choi, K. Jang, W. Schmitt, J. Sowinski, E. J. Stephenson, S. P. Wells, and C. Yu, Phys. Rev. Lett. 83, 4498 (1999).

[30] K. Yasuda, H. Akiyoshi, T. Hotta, K. Imai, M. Kato, M. Kawabata, Y. Maeda, N. Matsuoka, T. Matsuzuka, Y. Mizuno, T. Murakami, J. Murata, I. Nakagawa, M. Nomachi, T. Noro, Y. Sugaya, K. Takahisa, T. Tamae, K. Tamura, H. Tsubota, Y. Yokota, H. P. Yoshida, M. Yoshimura, and Y. Yuasa1, Phys. Rev. Lett. 82, 4775 (1999); K. Yasuda, private communication, 1999.

[31] A. Ahmidouch, J. Arnold, B. van den Brandt, M. Daum, P. Demierre, R. Drevenak, M.

Finger, M. Finger, Jr., J. Franz, N. Goujon-Naef, P. Hautle, R. Hess, A. Janata, J. A. Konter, H. Lacker, C. Lechanoine-Leluc, F. Lehar, S. Mango, C. Mascarini, D. Rapin, E. Rossle, P. A. Schmelzbach, H. Schmitt, P. Sereni, M. Slunecka, A. Teglia, and B. Vuaridel, Eur. Phys. J. C2, 627 (1998).

[32] A. de Lesquen, C. E. Allgower, J. Ball, M. Beddo, J. Bystrický, M. Combet, Ph.

Demierre, G. Durand, J.-M. Fontaine, D. Grosnick, R. Hess, Z. Janout, Z. F. Janout, V. A. Kalinnikov, T. E. Kasprzyk, B. A. Khachaturov, R. Kunne, F. Lehar, D. Lopiano, V. N. Matafonov, I. L. Pisarev, A. A. Popov, A. N. Prokofiev, D. Rapin, J.-L. Sans, H. M. Spinka, Yu. A. Usov, V. V. Vikhrov, B. Vuaridel, and A. A. Zhdanov, Eur. Phys. J. C11, 69 (1999); F. Lehar, private communication, 1999.

[33] B. W. Raichle, C. R. Gould, D. G. Haase, M. L. Seely, J. R. Walston, W. Tornow, W.

S. Wilburn, S. I. Penttilä, and G. W. Hoffmann, Phys. Rev. Lett. 83, 2711 (1999). [34] J. Brož, J. Cerny, Z. Dolezal, G. M. Gurevich, P. Kubik, A. A. Lukhanin, G. A.

Lukhanin, J. Svejda, I. Wilhelm, N. S. Borisov, E. S. Kuzmin, V. N. Matafonov, A. B. Neganov, I. L. Pisarev, Y. A. Plis, and Y. A. Usov, Z. Phys. A359, 23 (1997).

[35] P. Clotten, P. Hempen, K. Hofenbitzer, V. Huhn, W. Metschulat, M. Schwindt, L.

Watzold, Ch. Weber, and W. von Witsch, Phys. Rev. C 58, 1325 (1998). [36] S. Benck, I. Slypen, V. Corcalciuc, and J.-P. Meulders, Nucl. Phys. A615, 220 (1997). [37] P. W. Lisowski, G. F. Auchampaugh, M. S. More, G. L. Morgan, and R. E. Shamu, In:

Symposium on Neutron Cross Sections from 10 to 50 MeV, May 11–14, 1980, BNL, NY, USA, Eds. by M. R. Bhat and S. Pearlstein, BNL Report BNL–NCS–51245, 1980, v. 1, p. 301; P. W. Lisowski, private communication, 1995.

[38] V. G. J. Stoks, R. A. M. Klomp, M. C. M. Rentmeester, and J. J. de Swart, Phys. Rev.

C 48, 792 (1993).

[39] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen, and J. J. de Swart, Phys. Rev. C 49, 2950 (1994); V. G. J. Stoks, private communication, 1995.

[40] R. Henneck, Phys. Rev. C 47, 1859 (1993).

[41] M. Ockenfels, F. Meyer, T. Köble, W. von Witsch, J. Weltz, K. Wingerender, and G.

Wollmann, Nucl. Phys. A526, 109 (1991).

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

[43] P. Haffter, C. Brogli-Gysin, J. Campbell, D. Fritschi, J. Goetz, M. Hammans, R. Henneck, J. Jourdan, G. Masson, L. M. Qin, R. Robinson, I. Sick, M. Tuccolo, J. A. Konter, S. Mango, and B. van den Brandt, Nucl. Phys. A548, 29 (1992).

[44] P. Doll, V. Eberhard, G. Fink, R. W. Finlay, T. D. Ford, W. Heeringa, H. O. Klages, H. Krupp, and Ch. Wölfl, In: Contributed papers from Few Body XII (Proc. of 12th International Conference on Few Body Problems in Physics, Vancouver, BC, Canada, 1989) Ed. B. K. Jennings, p. C16; Ch. Wölfl, Ph. D. Thesis, Universität Karlsruhe, 1988 (unpublished); H. O. Klages, private communication, 2000.

[45] F. Hinterberger and H. Rohdjess, in Abstracts, XVth Conference on Particles and Nuclei, PANIC99, Uppsala, Sweden, June 10-16, 1999, p.270 (unpublished).

[46] E.A. Strokovsky, private communication, 2000.

FIGURE CAPTIONS

Figure 1. Energy-angle distribution of recent (post-1997) (a) pp and (b) np data. The pp data contribution below 3000 MeV is 30% and most new data are A_y (47%) or A_{yy} (29%). The np data contribution below 1300 MeV is 6% and most new data are A_y (24%). Total cross sections are plotted at zero degrees.

Figure 2. Isovector partial-wave amplitudes from 0 to 3 GeV in the proton kinetic energy. Solid (dashed) curves give the real (imaginary) parts of amplitudes corresponding to the SP00 solution. The real (imaginary) parts of single-energy solutions are plotted as filled (open) circles. The SM97 solution [2] is plotted with long dash-dotted (real part) and short dash-dotted (imaginary part) lines. FA91 solution [22] is shown by dashed lines. The dotted curve gives the unitarity limit ImT - T^2 - T^2_{sf} from SP00, where T_{sf} is the spin-flip amplitude. All amplitudes are dimensionless.

Figure 3. Isoscalar partial-wave amplitudes from 0 to 1.2 GeV. Notation as in Fig. 2.

Figure 4. Phase-shift parameters for isovector partial-wave amplitudes from 0 to 3000 MeV. The SP00 and SM97 [2] solutions are plotted as solid and dashdotted curves, respectively. Our single-energy solutions and those from Saclay [19,20]) are given by filled and open circles, respectively.

Figure 5. Phase-shift parameters for isoscalar partial-wave amplitudes from 0 to 1200 MeV. Notation as in Fig. 6.

Figure 6. Direct-reconstruction scattering amplitudes at (a) 1.80 GeV, (b) 2.10 GeV, (c) 2.40 GeV, and (d) 2.70 GeV. The real (imaginary) parts of amplitudes a to e [19] are shown in qmb/sr as a function of the c. m. scattering angle and plotted as filled (open) circles. Our SP00 (single-energy) solution is plotted with solid (dashed) lines.

Figure 7. Summary of analyses giving ϵ_1 in the energy range up to 80 MeV. The solid (dashed) curve gives our SP00 (SP40) PWA results. Nijmegen potential results [39] are plotted as a dash-dotted line. Filled circles (diamonds) give GW (Saclay [19]) single-energy PWA results. Open squares denote the single-energy PWA from PSI [40]. Other results are from TUNL (star) [33], Bonn (filled box) [41,35], Prague (open diamond) [34], Erlangen (open circle) [42], PSI (filled triangle) [43], and Karlsruhe (open triangle) [44].

Table I. Comparison of present (SP00 and SP40) and previous (SM97, SM94, VZ40, FA91, SM86, and SP82) energy-dependent partial-wave analyses. The χ^2 values for the previous solutions correspond to our published results ( [1], [2], and [22] − [24]).

Solution Range (MeV) χ^2/pp data Range (MeV) χ^2/np data Ref.

SP00 0 − 3000 36617/21796 0 − 1300 18693/11472 Present SP00 (0 − 2500) 34277/20947 0 − 1300 17693/11330 Present SP00 (0 − 1600) 23927/15766 0 − 1300 17693/11330 Present SP00 (0 − 400) 4593/ 3454 (0 − 400) 5371/ 3831 Present SP40 0 − 400 4398/ 3454 0 − 400 5415/ 3831 Present SM97 0 − 2500 28686/16994 0 − 1300 17437/10854 [2] SM94 0 − 1600 22371/12838 0 − 1300 17516/10918 [1] VZ40 0 − 400 3098/2170 0 − 400 4595/3367 [1] FA91 0 − 1600 20600/11880 0 − 1100 13711/7572 [22] SM86 0 − 1200 11900/7223 0 − 1100 8871/5474 [23] SP82 0 − 1200 9199/5207 0 − 1100 9103/5283 [24]

Table II. Comparison of the single-energy (SES) and energy-dependent (SP00) fits to pp and np data. Values of χ^2 are given for the single-energy and SP00 fits (evaluated over the same energy bins). Also listed is the number of parameters varied in each single-energy solution.

Energy Range (MeV) χ^2 SES(SP00)/pp data χ^2 SES(SP00)/np data Parameters

4-6 22(39)/28 78(83)/63 6 7-12 84(134)/88 254(333)/101 6 11-19 17(47)/27 205(455)/247 8 19-30 123(268)/114 292(321)/316 8 32-67 282(354)/224 809(879)/548 10 60-90 48(63)/72 514(629)/355 10 80-120 152(156)/154 465(453)/382 10 125-174 313(336)/287 603(653)/333 11 175-225 494(542)/435 701(734)/504 13 225-270 222(246)/228 299(345)/278 13 276-325 771(802)/740 628(680)/564 17 325-375 460(474)/406 416(460)/353 17 375-425 738(758)/607 804(870)/599 17 425-475 1055(1156)/803 828(870)/682 18 475-525 1311(1565)/1081 1248(1404)/787 30 525-575 858(956)/754 672(694)/488 31 575-625 1039(1112)/760 423(484)/367 34 625-675 908(842)/773 1270(1611)/873 36 675-725 860(923)/797 404(468)/386 37 725-775 1007(1311)/827 518(556)/381 37 775-824 1690(1840)/1301 1550(1861)/948 38 827-874 1155(1330)/914 388(467)/365 39 876-924 342(475)/389 752(905)/625 41 926-974 762(992)/679 363(512)/353 43

Table II. (continued)

Energy Range (MeV) χ^2 SES(SP00)/pp data χ^2 SES(SM97)/np data Parameters

976-1020 917(1177)/708 284(425)/328 43 1078-1125 815(1128)/573 519(846)/427 47 1261-1299 691(1006)/505 − − − 30 1481-1521 140(307)/149 − − − 30 1590-1656 505(892)/460 − − − 31 1685-1724 174(309)/116 − − − 31 1778-1818 625(1097)/506 − − − 33 1929-1975 377(463)/366 − − − 33 2065-2120 1173(1938)/829 − − − 33 2175-2225 1476(2046)/758 − − − 33 2330-2470 1013(1808)/713 − − − 33 2500-2600 250(523)/311 − − − 33 2642-2714 302(1016)/307 − − − 33 2792-2869 148(405)/153 − − − 33