arXiv:nucl-ex/0001007 19 Jan 2000

G^p_E=G^p_M for bound protons: first results for^{16}O with the recoil proton polarization

technique

S. Malov,^{25} K. Wijesooriya,^{33} F. T. Baker,^7 L. Bimbot,^{22} E. J. Brash,^{24} C. C. Chang,^{16} J. M. Finn,^{33} K. G. Fissum,^{17} J. Gao,^{17} R. Gilman,^{25,30} C. Glashausser,^{25} M. K. Jones,^{33} J. J. Kelly,^{16} G. Kumbartzki,^{25} N. Liyanage,^{17} J. McIntyre,^{25} S. Nanda,^{30} C. F. Perdrisat,^{33} V. A. Punjabi,^{19} G. Quéméner,^{33} R. D. Ransome,^{25} P. M. Rutt,^{30} D. G. Zainea,^{24} B. D. Anderson,^{13} K. A. Aniol,^2 L. Auerbach,^{29} J. Berthot,^1 W. Bertozzi,^{17} P. -Y. Bertin,^1 W. U. Boeglin,^5 V. Breton,^1 H. Breuer,^{16} E. Burtin,^{26} J. R. Calarco,^{18} L. Cardman,^{30} G. D. Cates,^{23} C. Cavata,^{26} J. -P. Chen,^{30} E. Cisbani,^{12} D. S. Dale,^{14} R. De Leo,^{10} A. Deur,^1 B. Diederich,^{21} P. Djawotho,^{33} J. Domingo,^{30} B. Doyle,^{14} J. -E. Ducret,^{26} M. B. Epstein,^2 L. A. Ewell,^{16} J. Fleniken,^7 H. Fonvieille,^1 B. Frois,^{26} S. Frullani,^{12} F. Garibaldi,^{12} A. Gasparian,^{8,14} S. Gilad,^{17} A. Glamazdin,^{15} J. Gomez,^{30} V. Gorbenko,^{15} T. Gorringe,^{14} K. Griffioen,^{33} F. W. Hersman,^{18} J. Hines,^7 R. Holmes,^{28} M. Holtrop,^{18} N. d’Hose,^{26} C. Howell,^4 G. M. Huber,^{24} C. E. Hyde-Wright,^{21} M. Iodice,^{12} C. W. de Jager,^{30} S. Jaminion,^1 K. Joo,^{32} C. Jutier,^{1,21} W. Kahl,^{28} S. Kato,^{34} S. Kerhoas,^{26} M. Khandaker,^{19} M. Khayat,^{13} K. Kino,^{31} W. Korsch,^{14} L. Kramer,^5 K. S. Kumar,^{23} G. Laveissière,^1 A. Leone,^{11} J. J. LeRose,^{30} L. Levchuk,^{15} M. Liang,^{30} R. A. Lindgren,^{32} G. J. Lolos,^{24} R. W. Lourie,^{27} R. Madey,^{8,13,30} K. Maeda,^{31} D. M. Manley,^{13} D. J. Margaziotis^2 P. Markowitz,^5 J. Marroncle,^{26} J. Martino,^{26} J. S. McCarthy,^{32} K. McCormick,^{21} R. L. J. van der Meer,^{24} Z. -E. Meziani,^{29} R. Michaels,^{30} J. Mougey,^3 D. Neyret,^{26} E. A. J. M. Offermann,^{30} Z. Papandreou,^{24} R. Perrino,^{11} G. G. Petratos,^{13} S. Platchkov,^{26} R. Pomatsalyuk,^{15} D. L. Prout,^{13} T. Pussieux,^{26} O. Ravel,^1 Y. Roblin,^1 R. Roche,^6 D. Rowntree,^{17} G.A. Rutledge,^{33} A. Saha,^{30} T. Saito,^{31} A. J. Sarty,^6 A. Serdarevic-Offermann,^{24} T. P. Smith,^{18} A. Soldi,^{20} P. Sorokin,^{15} P. Souder,^{28} R. Suleiman,^{13} J. A. Templon,^7 T. Terasawa,^{31} L. Todor,^{21} H. Tsubota,^{31} H. Ueno,^{34} P. E. Ulmer,^{21} G.M. Urciuoli,^{12} P. Vernin,^{26} S. van Verst,^{17} B. Vlahovic,^{20} H. Voskanyan,^{35} J. W. Watson,^{13} L. B. Weinstein,^{21} R. Wilson,^9 B. Wojtsekhowski,^{30} V. Zeps,^{14} J. Zhao,^{17} Z. -L. Zhou^{17} (The Jefferson Lab Hall A Collaboration) 1Université Blaise Pascal/IN2P3, F-63177 Aubière, France 2California State University, Los Angeles, California, 90032 3Institut des Sciences Nucléaires, F-38026 Grenoble, France 4Duke University, Durham, North Carolina, 27706 5Florida International University, Miami, Florida, 33199 6Florida State University, Tallahassee, Florida, 32306 7University of Georgia, Athens, Georgia, 30602 8Hampton University, Hampton, Virginia, 23668 9Harvard University, Cambridge, Massachusetts, 02138 10INFN, Sezione di Bari and University of Bari, I-70126 Bari, Italy 11INFN, Sezione di Lecce, I-73100 Lecce, Italy 12INFN, Sezione Sanitá and Istituto Superiore di Sanitá, Laboratorio di Fisica, I-00161 Rome, Italy 13Kent State University, Kent, Ohio, 44242 14University of Kentucky, Lexington, Kentucky, 40506 15Kharkov Institute of Physics and Technology, Kharkov 310108, Ukraine 16University of Maryland, College Park, Maryland, 20742 17Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139 18University of New Hampshire, Durham, New Hampshire, 03824 19Norfolk State University, Norfolk, Virginia, 23504 20North Carolina Central University, Durham, North Carolina, 27707 21Old Dominion University, Norfolk, Virginia, 23529 22Institut de Physique Nucléaire, F-91406 Orsay, France 23Princeton University, Princeton, New Jersey, 08544 24University of Regina, Regina, Saskatchewan, Canada, S4S 0A2 25Rutgers, The State University of New Jersey, Piscataway, New Jersey, 08854 26CEA Saclay, F-91191 Gif-sur-Yvette, France 27State University of New York at Stony Brook, Stony Brook, New York, 11794 28Syracuse University, Syracuse, New York, 13244 29Temple University, Philadelphia, Pennsylvania, 19122 30Thomas Jefferson National Accelerator Facility, Newport News, Virginia, 23606 31Tohoku University, Sendai 980, Japan 32University of Virginia, Charlottesville, Virginia, 22901 33College of William and Mary, Williamsburg, Virginia, 23187 34Yamagata University, Yamagata 990, Japan 35Yerevan Physics Institute, Yerevan 375036, Armenia (January 19, 2000)

The first (⃗e, e^0⃗p) polarization transfer measurements on a nucleus heavier than deuterium have been carried out at Jefferson Laboratory. Transverse and longitudinal components of the polarization of protons ejected in the reaction 16O(⃗e, e^0 ⃗p ) were measured in quasielastic perpendicular kinematics at a Q^2 of 0.8 (GeV/c)^2. The data are in good agreement with state of the art calculations, but do not exclude possible changes in the ratio of the electric to magnetic form factors of the nucleon in the nuclear medium at the level of recent theoretical predictions.

PACS numbers: 13.40.Gp, 24.70.+s, 25.30.Fj, 27.20.+n

The combination of a high intensity, high polarization, continuous electron beam and a focal plane polarimeter makes possible a new generation of studies of the effects of the nuclear medium on the properties of the nucleon. Polarization transfer in the (⃗e, e^0⃗p ) reaction on a proton target is a direct measure of the ratio of the electric and magnetic form factors of the proton, G^p_E /G^p_M . When such measurements are carried out on a nuclear target, the polarization transfer observables are sensitive to the form factor ratio of the proton embedded in the nuclear medium. Because such experiments involve the measurement of ratios of polarizations at a single kinematic setting, the systematic errors are small.

The issue of possible modification of the properties of hadrons in the nucleus has been attracting experimental and theoretical attention for some years. It remains unsettled. Interpretations of inclusive (e, e^0) cross-section measurements in the y-scaling regime suggest that the radius of the nucleon is changed by less than a few percent at least for values of the four-momentum transfer squared (Q^2) up to about 1 (GeV/c)^2 [1]. These measurements are primarily sensitive to the magnetic form factor. Measurements of the Coulomb sum rule over a similar region in Q^2 indicate that the electric form factor in^3He is close to its free value [2], and some studies suggest that this is true in^{12}C and^{56}Fe as well [3], but recent work disputes this conclusion [4]. Attempts to measure the ratio of electric to magnetic form factors of the nucleon in nuclei by Rosenbluth separations of cross sections in (e, e^0p) reactions indicated changes of about 25% at low Q^2 [5], but other experiments and theoretical analyses disagree [6]. Recent theoretical work by the Adelaide group based on the quark-meson coupling model predicted changes in the ratio of the two form factors for^{16}O of roughly 10% at Q^2 around 1 (GeV/c)^2 and up to about 30% at about 2.5 (GeV/c)^2 [7]. Changes of this magnitude have also been suggested previously [8].

Here we present the results of measurements of polarization transfer in the^{16}O(⃗e, e^0⃗p )^{15}N reaction, the first measurement of the (⃗e, e^0⃗p ) reaction on a nucleus heavier than deuterium [9]. The experiment, E89-033 at the Thomas Jefferson National Accelerator Facility (JLab), was part of the commissioning effort for Hall A [10]. It was the first experiment to use polarized beam at JLab, and the first to use the focal plane polarimeter (FPP) mounted on the high-resolution hadron spectrometer. The difficulties involved in commissioning limited the statistical precision of the results that could be achieved in a fixed beam time. Nevertheless, these measurements provide confirmation that no large medium-induced changes in proton structure are visible at moderate Q^2. In addition, the small systematic errors and the insensitivity to various theoretical corrections associated with this technique indicate that high precision tests of predicted changes in the form factors in the nuclear medium will soon be possible.

For the free nucleon, the polarization transfer can be written in terms of the form factors as [11]

I_0P^0_l =

E + E^0 m_p p_{τ (1 + τ )G2M tan2(θ/2)}

I_0P^0_t = �2pτ (1 + τ )G_M G_E tan(θ/2)

I_0 = G^2_E + τ G^2_M [1 + 2(1 + τ ) tan^2(θ/2)]

τ = Q^2/4m^2_p,

where E and E^0 are the energies of the incident and scattered electron, θ is the electron scattering angle, and m_p is the proton mass. P^0_l and P^0_t are the longitudinal and transverse polarization transfer observables, respectively. The two components of the actual polarization in the scattering plane [12] are hP^0_l , parallel to the proton momentum, and hP^0_t , perpendicular to the proton momentum; h is the electron beam polarization. The measured polarizations change sign when the electron helicity changes sign, so these polarization transfer quantities are insensitive to instrumental asymmetries in the detectors.

The ratio of the transferred polarizations is then

P^0_t P^0_l = �2mp (E + E^0) tan(θ/2) G_E G_M . For a free proton target, the ratio of polarizations can be used to determine the ratio of the form factors with small systematic errors; systematic problems associated with Rosenbluth separations are eliminated. The ratio is independent of the beam polarization (assuming it is not zero) and of the analyzing power of the proton polarimeter. One experimental datum requires a coincidence measurement at a single kinematic setting. The systematic error on the ratio of polarizations in the present experiment is about �0.022, due almost entirely to uncertainty in the precession of the proton’s spin in the hadron spectrometer. Even smaller errors have been achieved in the subsequent E93-027 measurements of the free form-factor

2 ratio on a liquid hydrogen target at a Q^2 of 0.79 (GeV/c)^2 [13].

For nuclear targets, the polarization transfer observables depend sensitively on the nucleon form factors, but they depend also on the nuclear wave functions. In addition, they may be affected by final-state interactions of the outgoing proton, meson exchange and isobar currents, off-shell effects and relativity [14–19].

Electrons from the CEBAF acelerator of energy 2.45 GeV and longitudinal polarization about 30% were focussed on a waterfall target with three foils whose total thickness was about 0.39 g/cm^2. Scattered electrons were detected in the focal plane array of the high resolution electron spectrometer in Hall A at a fixed laboratory angle of 23.4^ffi and a fixed central energy of 2.00 GeV, the quasielastic peak. Protons with a fixed central momentum of 973 MeV/c were detected in coincidence with electrons in the focal plane array of the hadron spectrometer. Measurements in quasi-perpendicular kinematics were made at proton angles of 53.3^ffi (for hydrogen data only), 55.7^ffi, and 60.5^ffi, corresponding to central missing momenta p_m of 0, 85, and 140 MeV/c. Elastic scattering from hydrogen dominates the spectrum at 53.3^ffi and is visible also at 55.7^ffi. The missing-mass resolution of about 1 MeV was sufficient to easily distinguish the p_{1/2} ground state of^{15}N from the strongly excited p_{3/2} state at 6.32 MeV, but small contributions from nearby weakly excited states could not be entirely excluded. In the continuum, a peak corresponding primarily to knockout of nucleons from the s_{1/2} shell rises weakly above a (physics) background presumably related to multi-particle knockout.

The JLab focal plane polarimeter (FPP) was designed and built by a collaboration of Rutgers, William & Mary, Georgia, Norfolk State, and Regina [20–22]. The polarimeter, consisting of four tracking straw chambers and a graphite analyzer set to a thickness of 22.5 cm for this experiment, is mounted in the hadron spectrometer behind vertical drift chambers and scintillators in the focal plane. The analyzing power A_c of the FPP was taken from the parametrization by McNaughton et al. [23]. Measured values of A_c, obtained by analyzing data from scattering on hydrogen, have been shown to agree well with this parameterization [13]. The beam polarization was measured at varying intervals with a Mott polarimeter in the injector beam line. For the 85 MeV/c data point on^{16}O, values of the beam polarization determined from the Mott polarimeter and from the FPP results for hydrogen are in good agreement, well within the 5% systematic error assigned to the beam polarization in the subsequent analysis of the oxygen data. The result for the ratio μ^GE_GM of hydrogen measured in this experiment at a Q^2 of 0.8 (GeV/c)^2 is 0.92�0.05, in agreement with previous results and with the values subsequently measured with higher precision [13].

Results for the transverse and longitudinal components of the polarization at the two central values of the missing momentum for the two bound states, p_{1/2} and p_{3/2}, and for the region of the unbound s_{1/2} state are shown in Fig. 1. The missing energy cuts on the latter were about 26 MeV wide. The polarizations are given in the scattering (lab) frame, defined by the incident and outgoing electron [12,15]. The errors shown are statistical. Systematic errors on the individual polarizations are about

�6%, primarily due to the uncertainty in the polariza-

tion of the beam. Small acceptance averaging corrections are included [21], as are the effects of corrections to the dipole approximation for spin transport of the proton in the hadron spectrometer [21,22]. Both corrections are generally less than about 2%. Radiative corrections, expected to be much smaller than the statistical errors here, have not been made [24].

FIG. 1. Measured values of the polarization transfer observables P^0_l and P^0_t for the^{16}O(⃗e, e^0⃗p)^{15}N reaction at Q^2 = 0.8 (GeV/c)^2. The theoretical curves represent plane-wave calculations (dotted) and distorted-wave calculations without spinor distortions (dashed) and with spinor distortions (dash-dot) by Kelly [18] and by Udias et al. [19] (solid).

The values of P^0_l and P^0_t for the free proton measured in this experiment (via the hydrogen in the waterfall target) are 0.30 � 0.01 and �0.20 � 0.01, with statistical errors. All the results for P^0_l for^{16}O are within about one standard deviation of the free values, even those for the s_{1/2} region; their average value is 0.30. Several of the P^0_t data points deviate somewhat from the free value; their average is -0.17. Such differences are not unexpected, even in the plane-wave impulse approximation (PWIA). It is only by comparing the measured values with appropriate theoretical predictions that a decision about medium modification of the proton can be made. The uncertainty in these predictions will limit the accuracy of this assessment.

The curves in Fig. 1 represent theoretical calculations based upon one-body currents and free (MMD) [25] proton form factors. PWIA results, shown as dotted lines, are identical for the three states and, at p_m = 0, are equal to those for the free proton [15]. Final-state interactions included in distorted-wave impulse approximation (DWIA) calculations produce small state-dependent deviations from PWIA. The DWIA calculations by Kelly [15] are based upon a relativized Schrödinger equation and an effective momentum approximation (EMA) to the current operator. The dashed curves assume that lower and upper components of bound and ejectile spinors are related in the same way as for free protons [15]. The dash-dotted curves include relativistic dynamics (spinor distortions) through the effect of Dirac scalar and vector potentials upon the effective current operator [18]. The solid curves show the results of calculations by Moya de Guerra and Udias [19] who solve the Dirac equation directly without using the EMA. All DWIA calculations shown used the same input as the calculations of unpolarized observables in Ref. [26]. These include the EDIAO optical model of Cooper et al. [27], NLSH boundstate wave functions [28], the Coulomb gauge, and the cc2 off-shell current operator. For modest p_m, the recoil polarization is relatively insensitive to variations of these choices.

All DWIA calculations are in reasonable agreement with the measured data. The two calculations which include relativistic dynamics are very similar over the relevant range of p_m. This is expected, since the results of the calculation of unpolarized observables in Ref. [26] suggested that Kelly’s formulation is a good approximation to the more accurate approach of Udias et al. for p_m <¸ 300 MeV/c. The relativistic corrections to the recoil polarization are small for this range of p_m and are dominated by distortion of the ejectile spinor. Contributions from meson exchange (MEC) and isobar (IC) currents can also affect the recoil polarizations. Early calculations of the effects of MEC and IC were carried out by the Pavia group [14], and preliminary calculations by M. Radici [16] of this group for the present kinematics have been made. Predictions of these effects using a different approach have been published recently by J. Ryckebusch et al. [17] for the present kinematics. The scale of these effects is typically comparable to the differences among the three DWIA curves shown.

The ratios of the P^0_t to P^0_l data for the three states are plotted in Fig. 2. Three of the theoretical curves shown there correspond to those in Fig. 1, namely the PWIA (dots), and the DWIA without spinor distortion (dashes) and with spinor distortion (dash-dot) by Kelly [18]. The fourth curve (solid) was calculated with the free form factor ratio modified according to the prediction of the quark-meson coupling model of Lu et al. [7]; it includes spinor distortions. The data are in reasonable agreement with the three predictions based on unmodified form factors, as expected from Fig. 1. They are also consistent with the prediction based on the modified form factor.

FIG. 2. Measured values of the ratio of polarization transfer observables P^0_l / P^0_t for the^{16}O(⃗e, e^0⃗p)^{15}N reaction at Q^2 = 0.8 (GeV/c)^2. The theoretical curves represent plane-wave calculations (dotted) and distorted-wave calculations without spinor distortions (dashed) and with spinor distortions (dash-dotted) [18]. The solid curves include the modifications of the nucleon predicted by Lu et al. [7] and spinor distortions.

A quantitative estimate of a limit on possible medium modifications of the ratio of the form factors of the proton can be obtained as follows. If the experimental ratio P^0_t /P^0_l is calculated for each state, and divided by the ratio of the theoretical predictions of these observables for that state, the result can be defined as the experimental determination of the super-ratio R_S for that state.

State RS(NR) RS(R) p_{1/2} 0.81 � 0.29 0.82 � 0.30 p_{3/2} 1.01 � 0.21 1.02 � 0.22 s_{1/2} 0.99 � 0.29 1.15 � 0.33 p_{1/2} + p_{3/2} 0.94 � 0.17 0.95 � 0.18

TABLE I. Results for the super-ratio RS , the ratio of experimental and theoretical values of P^0_t /P^0_l , using calculations with (R) and without (NR) spinor distortions. The errors are statistical.

Provided the theoretical predictions accurately describe the results that would be obtained if the form factor ratio remained unchanged, deviations of R_S from unity would indicate modifications of the form factor in the medium [18].

Table I lists the results obtained for the three states, using the DWIA predictions with and without relativistic dynamics. A smaller error can be achieved when R_S for the two p states is summed, as shown in the last row in Table I. (The s state data were omitted from this sum because of the significant contribution from background.) All the super-ratios are consistent with unity within one standard deviation. The results for the two p states depend only slightly on whether or not relativistic dynamics is used. Much tighter constraints on possible changes in the form factors should now be possible from FPP experiments over a range in Q^2 from about 0.3 (GeV/c)^2 to greater than 3 (GeV/c)^2. Predicted changes in the form factor ratio in this region might be as large as 30% [7]. The polarized beam at JLab has shown a marked improvement in intensity, lifetime, and polarization since the commissioning experiment so that the statistical errors can be greatly reduced within reasonable running times. Systematic errors on the free form factor ratio of 7% at 3.5 GeV^2 were achieved during Exp. 93-027 [13]. Conditions at the MAMI accelerator at Mainz are also appropriate for a high precision measurement at low Q^2, and an experiment there on^4He has already begun [29]. The interpretation of such precise data on the form factor ratio will require a unified treatment of the reaction model and of the changes in the properties of the nucleon in the medium.

The present experiment is the first step in this direction. The measured ratio of the transverse to longitudinal polarization transfers for the proton embedded in^{16}O at a Q^2 of 0.8 (GeV/c)^2 is in good agreement with DWIA calculations based on the free proton form factor with an experimental uncertainty of about 18%. Large changes in the ratio are thus excluded. The current generation of polarization transfer experiments should substantially improve this limit.

We are grateful to the entire technical staff at JLab for their dedicated and expert support of the commissioning experiment. We thank E. Moya De Guerra, M. Radici, J. Ryckebusch and J. M. Udias for numerous discussions and detailed calculations. This work was supported in part by the National Science Foundation and the Department of Energy (U.S.), the National Institute for Nuclear Physics (Italy), the Atomic Energy Commission and the National Center for Scientific Research (France), and the Natural Sciences and Engineering Research Council (Canada).

[1] I. Sick, Comm. Nucl. Part. Phys. 18, 109 (1988). [2] R. Schiavilla, R. B. Wiringa, and J. Carlson, Phys. Rev.

Lett. 70, 3856 (1993).

[3] J. Jourdan, Phys. Lett. B353, 189 (1995). [4] Z.-E. Meziani, private communication; Z.-E. Meziani and J. Morgenstern, submitted to Phys. Rev. Lett.

[5] G. van der Steenhoven et al., Phys. Rev. Lett. 57, 182 (1986); G. van der Steenhoven et al., Phys. Rev. Lett.

58, 1727 (1987); D. Reffay-Pikeroen et al., Phys. Rev.

Lett. 60, 776 (1988).

[6] G. van der Steenhoven, Nucl. Phys. A527, 17c (1991), and references therein; L. Lapikas, Nucl. Phys. A553, 297c (1993); K.I. Blomqvist et al., Z. Phys. A351, 353 (1995).

[7] D. H. Lu et al., Nucl. Phys. A634, 443 (1998); D. H.

Lu et al., Phys. Lett. B417, 217 (1998); D. H. Lu et al., Phys. Rev. C55, 2628 (1998).

[8] Ulf-G. Meissner, Phys. Rev. Lett. 62, 1013 (1989);

I. T. Cheon and M. T. Jeong, J. Phys. Soc. Jpn. 61, 2726 (1992); M. R. Frank, B. K. Jennings and G. A. Miller, Phys. Rev. C54, 920 (1996).

[9] D. Eyl et al., Z. Phys. A352, 211 (1995); B. D. Milbrath et al., Phys. Rev. Lett. 80, 452 (1998).

[10] JLab Experiment E89-033, Spokespersons: C. C. Chang, C. Glashausser, S. Nanda, P. Rutt, unpublished.

[11] A. I. Akhiezer and M. P. Rekalo, Sov. J. Part. Nucl. 3, 277 (1974); R. Arnold, C. Carlson and F. Gross, Phys. Rev. C23, 363 (1981).

[12] A. Raskin, T. W. Donnelly, Ann. Phys. 191, 78 (1989). [13] JLab Experiment E93-027, C. F. Perdrisat, V. Punjabi and M. K. Jones, spokespersons; M. K. Jones et al., nuclex/9910005, Phys. Rev. Lett., to be published.

[14] S. Boffi, C. Giusti, F.D. Pacati and M. Radici, Nucl.

Phys. A518, 639 (1990).

[15] J. J. Kelly, Phys. Rev. C56, 2672 (1997);

Adv. in Nucl. Phys. 23, 75 (1996). [16] M. Radici, private communication.

[17] Jan Ryckebusch, Dimitri Debruyne, Wim Van Nespen and Stijn Janssen, Phys. Rev. C60, 034604 (1999).

[18] J. J. Kelly, Phys. Rev. C60, 044609 (1999). [19] E. Moya de Guerra and M. Udias, private communication; J. M. Udias, J. A. Caballero, E. Moya de Guerra, J. E. Amaro and T. W. Donnelly, Phys. Rev. Lett., to be published.

[20] M. K. Jones et al., in AIP Conference Proceedings 412, ed. T. W. Donnelly, 342 (1997).

[21] K. Wijesooriya, Ph.D. thesis, College of William & Mary, (1999), unpublished.

[22] S. Malov, Ph.D. thesis, Rutgers University (1999), unpublished.

[23] M. McNaughton et al., Nucl. Instr. Meth. A241, 435 (1985).

[24] A. Afanasev, I. Akusevich and N. Merenkov, private communication.

[25] P. Mergell, U.-G Meissner and D. Drechsel, Nucl. Phys.

A596, 367 (1996).

[26] J. Gao et al., submitted to Phys. Rev. Lett., 1999. [27] E. D. Cooper et al., Phys. Rev. C47, 297 (1993). [28] M. M. Sharma, M. A. Nagarajan and P. Ring, Phys. Lett.

B312, 377 (1993).

[29] MAMI Experiment A1/2-93 Addendum, R. Ransome, G.

Rosner et al., 1998, unpublished.