arXiv:nucl-ex/0011008 14 Nov 2000

Polarization transfer in the^4He(⃗e, e^0⃗p)^3H reaction

S. Dieterich,^1 P. Bartsch,^2 D. Baumann,^2 J. Bermuth,^3 K. Bohinc,^{2,4} R. Böhm,^2 D. Bosnar,^{2,a} S. Derber,^2 M. Ding,^2 M. Distler,^2 I. Ewald,^2 J. Friedrich,^2 J.M. Friedrich,^{2,b} R. Gilman,^{1,5} C. Glashausser,^1 M. Hauger,^6 P. Jennewein,^2 J. Jourdan,^6 J.J. Kelly,^7 M. Kohl,^8 A. Kozlov^2, K.W. Krygier,^2 G. Kumbartzki,^1 J. Lac,^{1,c} A. Liesenfeld,^2 H. Merkel,^2 U. Müller,^2 R. Neuhausen,^2 Th. Pospischil,^2 R. D. Ransome,^1 D. Rohe,^6 G. Rosner,^{2,d} H. Schmieden,^2 M. Seimetz,^2 I. Sick,^6 S. Strauch,^1 J.M. Udias,^9 J.R. Vignote,^9 A. Wagner,^2 Th. Walcher,^2 G. Warren,^6 M. Weis^2 1Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA 2Institut für Kernphysik, Universität Mainz, Mainz, Germany 3Institut für Physik, Universität Mainz, Mainz, Germany 4Institut Jozef Stefan, Ljubljana, Slovenia 5Thomas Jefferson National Accelerator Facility, Newport News, Virginia, USA 6Universität Basel, Basel, Switzerland 7University of Maryland, College Park, Maryland, USA 8Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany 9Universidad Complutense de Madrid, Madrid, Spain (November 14, 2000)

Polarization transfer in the^4He(⃗e, e^0⃗p)^3H reaction at a Q^2 of 0.4 (GeV/c)^2 was measured at the Mainz Microtron MAMI. The ratio of the transverse to the longitudinal polarization components of the ejected protons was compared with the same ratio for elastic ep scattering. The results are consistent with a recent fully relativistic calculation which includes a predicted medium modification of the proton form factor based on a quark-meson coupling model.

PACS numbers: 13.40.Gp, 13.88.+e, 24.70.+s, 25.30.Dh, 27.20.+h

A long standing question in nuclear physics is the effect of the nuclear medium on the properties of the nucleon. The close proximity of nucleons in the nucleus would lead one to expect effects on the spatial distribution of the nucleon’s constituent particles. However, experimentally distinguishing changes of the nucleon structure from other conventional nucleus-related effects, such as meson-exchange currents (MEC), isobar configurations (IC), and final state interactions (FSI) has proven difficult. The form factor of a bound nucleon is not directly observable; it must be inferred from calculations which predict how a modification of the form factor will affect measurable quantities such as cross sections or polarizations.

In this paper we report on the first measurement of polarization transfer in the^4He(⃗e, e^0⃗p)^3H reaction in quasielastic parallel kinematics. Polarization provides a sensitive test of any model and should be more sensitive to changes in the form factor than cross section measurements.

Several recent calculations [1–3] have demonstrated the importance of dynamic enhancement of lower components of Dirac spinors (spinor distortions) for the (e, e^0p) reaction. The R_{LT} response function is sensitive to distortion of the bound-state spinor while recoil polarization is more sensitive to distortion of the ejectile spinor. The relativistic calculations of Udias et al. provide excellent descriptions of A_{T L} in^{16}O(e, e^0p) [4] and the induced polarization for^{12}C(e, e^0⃗p) [5]. The sensitivity of recoil polarization to possible density dependence of nucleon form factors was investigated first by Kelly [6] using a local density approximation for the current operator and an effective momentum approximation (EMA) for spinor distortion. Udias then performed a fully relativistic calculation which shows that the accuracy of the EMA for the recoil polarization is better than 1% for missing momentum p_m < 100 MeV/c. Both groups have shown that recoil polarization for modest p_m is relatively insensitive to gauge and Gordon ambiguities and to variations of the optical potential and have concluded that polarization transfer provides a promising probe of density-dependent modifications of nucleon electromagnetic form factors.

Polarization transfer was first used to study nuclear medium effects in deuterium [7–9]. Within statistical uncertainties, no evidence of medium modifications was found. Malov et al. [10] made the first measurement of polarization transfer in a complex nucleus,^{16}O. Their results were consistent with predictions of relativistic calculations, with limited statistical precision.

Cross section data indicate only upper limits on possible modifications of the form factors in the nucleus. The limits come primarily from quasielastic electron scattering with separation of the longitudinal and transverse response functions [11–14] and from y-scaling [15–17] of inclusive electron scattering. In the Q^2 range of 0.1 to 0.5 (GeV/c)^2 L/T separations limit modifications to 3% for the magnetic and 5-10% for the electric form factor. The limits from y-scaling at higher Q^2, in the range of 1 to 5 (GeV/c)^2, are about the same.

While the data exclude substantial form factor modification, especially of the magnetic form factor, recent theoretical work predicts modifications within the experimental limits [18–21]. Lu et al. [18], using a quark-

1 meson coupling model (QMC), and Frank et al. [19], using a light front constituent quark model, both predicted changes of a few percent in the form factors. Lu calculated the change for both^{16}O and^4He and found little difference in the size of the modification. We shall later examine the effect on the predicted polarization of the QMC modification.

In the case of electron-nucleon scattering, there is a direct relationship between the form factors and the polarization transfer components [22]: G_E G_M = − P^0_x P^0_z · E + E^0 2m_N tan(θ/2) (1)

where E and E^0 are the energies of the incident and scattered electron, θ is the electron scattering angle, m_N is the nucleon mass, and the longitudinal and transverse polarization transfer observables are P^0_z and P^0_x, respectively. The relation in Eq. (1) was recently used to extract G_E/G_M for the proton [8,23]. This relationship is only approximately correct for electron scattering from a bound nucleon; one must calculate the expected polarization ratio in the context of some model.

We use the coordinate system with unit vectors pointing in the direction of the three momentum transfer ẑ = q̂, normal to the electron scattering plane ŷ = (k̂_i × k̂_f )/|k̂_i × k̂_f |, and transverse x̂ = ŷ × ẑ, where the initial and final electron momenta are ⃗k_i and ⃗k_f . The results are presented in terms of P^0_x and P^0_z, the projections of the transferred polarizations on these axes.

The advantage of using polarization is that the polarizations do not depend on the target thickness or total current; the beam polarization and analyzing power both cancel in the ratio of polarizations. The difference between the asymmetries measured with positive and negative beam helicity cancels instrumental asymmetries to first order. The only significant experimental systematic uncertainty is the determination of the spin precession in the spectrometer.

This experiment was done at MAMI at the Johannes Gutenberg-Universität, Mainz, Germany, using the spectrometer facilities of the A1 collaboration Ref. [24]. A proton focal plane polarimeter (FPP) was installed in Spect. A [25]. The beam energy was 854.5 MeV. The nominal settings were 625 MeV/c central momentum at 50.24^ffi for the electron arm (Spect. B) and 660 MeV/c and 46.56^ffi for the proton arm (Spect. A). The data covered the Q^2 range of 0.35 to 0.42 (GeV/c)^2. To measure the polarization ratio for the free proton and to study systematic effects, ⃗ep elastic scattering data were taken at the same nominal settings as for the^4He measurement except that the central angle for the proton arm was set to 48.16^ffi in order to better match the kinematic acceptance.

The FPP includes a graphite analyzer with a thickness of 11.9 g/cm^2 (7 cm). The spectrometer vertical drift chambers serve as the tracking detectors before the analyzer and two horizontal drift chambers track scattered protons after the analyzer. The basic design of the FPP is similar to several used previously [26]. For further details, see Ref. [25].

The helium target consisted of a gas cell 8 cm long, at a temperature of 19 K and pressure of 19 bar. The target thickness was about 250 mg/cm^2. The same cell was used for liquid hydrogen, with a thickness of about 560 mg/cm^2, in order to minimize any systematic differences. The beam current used for hydrogen was typically 0.5 μA, set by the data acquisition rate, and for helium 14 μA. The beam polarization was approximately 75%, as determined from the recoil polarization measured for hydrogen using the analyzing power from Ref. [27]. The invariant mass resolution was approximately 0.8 MeV, which allowed clear separation of the^3Hp final state from the^2Hpn and ppnn final states.

In the data analysis the criteria for selected events included, among others, tests on spectrometer acceptance, target geometry, missing mass, and FPP polar scattering angle (7^ffi < θ_c < 35^ffi). The physical quantities of interest, P^0_x and P^0_z, were determined by means of the maximum likelihood technique, utilizing the azimuthal distribution of the protons scattered from the graphite analyzer

I = I_0 [1 + ϵ_y cos(ϕ_c) + ϵ_x sin(ϕ_c)] . (2)

The asymmetries ϵ_x and ϵ_y are proportional to the analyzing power and to the proton’s polarizations perpendicular to its momentum as it enters the analyzer and are linear functions of the proton’s polarization components at the target. The relationship is given by a rotation which takes into account the change of coordinate system and the proton spin precession [25] in the spectrometer’s magnetic fields and is calculated on an event by event basis.

The systematic uncertainty in the determination of P^0_x/P^0_z can be estimated by introducing artificial shifts in various parameters and finding the effect on the ratio. The total systematic uncertainty was estimated to be ±0.03 on the ratio, for both helium and hydrogen.

TABLE I. Polarization ratios with statistical and estimated systematic uncertainties. The world average, last row, is derived from measurements of GE and GM .

Target P^0_x/P^0_z Ref. 4He -0.862 � 0.020 � 0.03 this work 1H -0.978 � 0.044 � 0.03 this work 1H -0.952 � 0.008 [8,23,29]

Table I lists the extracted polarization ratios for^4He and^1H. No radiative corrections have been applied; they are expected to have an effect which is of order 1% [28].

The hydrogen ratio is found to be in agreement with the polarization ratio derived from the world average of G_E /G_M [8,23,29] for data between Q^2 of 0.3 and 0.5 (GeV/c)^2.

Since systematic effects on the polarization ratio for hydrogen and helium were nearly the same in both size and sign, the effect of systematic uncertainties on the ratio of helium to hydrogen data

R = (P^0_x/P^0_z)_{He} / (P^0_x/P^0_z)_H (3)

nearly canceled. This “super-ratio” is estimated to have a systematic uncertainty of less than 0.01. The uncertainty on R is then limited by the statistical uncertainty, mainly of the hydrogen ratio measured in this experiment. Using the ratio of G_E/G_M derived from the world average for hydrogen would give a smaller statistical uncertainty but larger systematic uncertainty. Table II lists the superratio, using the hydrogen ratio from this experiment, as a function of p_m, along with the value averaged over the entire data set. Negative values of p_m correspond to the recoiling nucleus having a momentum component along the direction of ⃗q.

TABLE II. R as a function of missing momentum.

pm (MeV/c) (P^0_x/P^0_z )He / (P^0_x/P^0_z )H -53 0.88 � 0.05 � 0.01 55 0.89 � 0.05 � 0.01 mean 0.88 � 0.04 � 0.01

A meaningful interpretation of the polarization ratio measured for^4He with that of hydrogen can only be made by utilizing theoretical calculations which include the effects of FSI, the off-shell current operator, relativistic effects, MEC, and IC on the ratio. In addition, any calculation must be averaged over the spectrometer acceptance.

We now proceed as follows. The polarization transfer is predicted using a model which includes the free form factors and the best phenomenologically determined optical potentials and bound state wave functions (BSWF), and FSI. MEC and IC are included in one nonrelativistic model. If the value predicted using the free form factor does not describe the measured value well, within the theoretical uncertainties, the effect of a modified form factor will be considered. If the new value predicted provides a better description of the data, we can take it as evidence that the proton form factors inside^4He differ from those of a free proton.

Figure 1 shows a comparison of the experimental result R, the^4He polarization ratio normalized to the hydrogen ratio, with the acceptanceaveraged calculations. The hydrogen calculation made use of the same form factor parameterization as does the corresponding^4He calculation.

FIG. 1. Comparison of measured R (Exp.) with theoretical calculations. Laget - PWIA (1); full calculation (2). Udias - PWIA, cc1 (3), cc2 (4); positive energy projection, cc1 (5), cc2(6); no spinor distortions, cc1 (7), cc2 (8); fully relativistic, cc1 (9), cc2 (10); fully relativistic, and QMC, cc1 (11), cc2 (12).

We first examined the effect of MEC and IC using the non-relativistic calculations of Laget [30]. The result of the full Laget calculation was found to be nearly identical to the PWIA result, points 2 and 1, respectively, in Fig. 1, indicating that MEC and IC do not contribute significantly in our kinematics. There is a discrepancy of over two standard deviations between the observed value and both calculations of Laget.

We next use the model of Udias et al. to determine the magnitude of relativistic effects. Udias solves the Dirac equation and uses relativistic optical potentials, but does not include MEC or IC. For each case, we give the result for two different de Forest [31] off-shell current operators, cc1 and cc2. The PWIA calculation of Udias (points 3 and 4) includes positive and negative energy components for the bound state, but only positive energy components for the ejected nucleon. It gives nearly the same results as that of Laget, indicating that R is insensitive to the negative energy components of the bound state. The calculations are insensitive to differences between the two forms of the current operator.

The optical potential for p+^3H was obtained by folding a density-dependent empirical effective pN interaction (EEI) with the measured charge density for tritium. Kelly and Wallace [32] derived an effective interaction for nucleon-nucleus scattering for 9 ≤ A ≤ 208, designated IA2, in which spinor distortion is represented by densitydependent modifications that are very similar to those of the EEI model fitted to proton elastic and inelastic scattering data. Some parameters were adjusted to fit p^4He data yielding a better fit to the proton elastic scattering data than any previous optical potential. Furthermore, the dominant source of density dependence is consistent with the spinor distortion employed by relativistic (e, e^0p) calculations. We investigated the sensitivity to final-state interactions by using several other optical models and found variations of ±0.02 in the polarization ratio.

In principle, the result should not depend on the gauge used. However, the calculations do show a small gauge dependence. We show the result using the Coulomb gauge, which gives nearly the same ratio as the Landau gauge; the Weyl gauge gives a larger ratio by 0.04.

The results of the Udias relativistic calculation projecting out the negative energy sector (points 5 and 6) and with no spinor distortion (points 7 and 8), called EMAnoSV in Ref. [3], are also nearly the same as the PWIA calculation (points 3 and 4), demonstrating the small influence of relativistic effects, other than the negative energy components of the outgoing nucleon wave function, which are not included in any of the calculations 1 to 8, and of FSI, on R. The fully relativistic calculations are shown as points 9 and 10. The ratio decreases noticeably, in particular with cc1, but it remains slightly larger than the observed ratio. Both results are between one and two standard deviations from the observed value.

FIG. 2. R as a function of missing momentum. Using the labels of Fig. 1, the curves are dotted (3), dashed (9), and solid (11).

Finally, we include the density dependent form factor modifications predicted by the QMC model of Lu et al. [18], using a bag constant of 0.8 fm (points 11 and 12). These decrease the ratio further by about 4%. The difference between the cc1 and cc2 results are about the same as for points 9 and 10. The effect on the ratio is less than the 10% effect discussed in Ref. [18]. However, the calculations of Ref. [18] averaged over the bound state wavefunction. As discussed in Ref. [10], an integration over the final state, including the effects of absorption and non-locality corrections, reduces the effect. The addition of QMC brings the calculation into good agreement with the observed value.

Calculations using Kelly’s EMA for similar conditions give very similar results. The variations in the result due to choice of the BSWF and the effect of Coulomb distortions were negligible in both models.

The dependence of R on the missing momentum was found to be small, as shown in Fig. 2. A sample of the calculations given in Fig. 1 are shown in Fig. 2. The other calculations give curves nearly parallel to those shown, with separations about the same as the separations of the averages shown in Fig. 1.

In conclusion, we have measured polarization transfer in the reaction^4He(⃗e, e^0⃗p)^3H for the first time. The P^0_x/P^0_z ratio is in clear disagreement with PWIA and non-relativistic calculations. A full relativistic calculation agrees at the two standard deviation level. The variation in the result for different choices of the boundstate wave function, optical model, and current operator, added in quadrature, is less than one standard deviation. These measurements give the first evidence that a fully relativistic calculation that includes negative energy components giving rise to spinor distortions, is required for a correct description of spin transfer in (⃗e, e^0⃗p) for^4He, even at low missing momentum. The addition of a modified proton form factor to the calculation, predicted by the QMC model, brings the result into good agreement with the data. Although the data do favor the models with a modified form factor, the statistical significance is not sufficient to exclude calculations without form factor modification.

We wish to thank the MAMI accelerator staff for their excellent work during this experiment. The authors gratefully acknowledge the assistance of J.-M. Laget with theoretical calculations. This work was supported in part by the Deutsche Forschungsgemeinschaft, U.S. National Science Foundation, and the Schweizerische Nationalfond.

aPermanent address: Department of Physics, University of Zagreb, Zagreb, Croatia bPresent address: Physik Department E18, T.U. München, Germany cPresent address: Netherlands Industrial Property Office, Rijswijk, The Netherlands dPresent address: Glasgow University, Glasgow, Scotland, UK

[1] J.M. Udias, J.A. Caballero, E. Moya de Guerra, J.E. Amaro and T.W. Donnelly, Phys. Rev. Lett. 83, 5451 (1999); J.A. Caballero, T.W. Donnelly, E. Moya de Guerra, and J.M. Udias, Nucl. Phys. A632, 323 (1998).

[2] J.J. Kelly, Phys. Rev. C 60, 044609 (1999). [3] J.M. Udias and J.R. Vignote, Phys. Rev. C 62, 034302 (2000).

[4] J. Gao et al., Phys. Rev. Lett. 84, 3265 (2000). [5] R.J. Woo et al., Phys. Rev. Lett. 80, 456 (1998). [6] J.J. Kelly, Phys. Rev. C 56, 2672 (1997); Adv. in

Nucl. Phys. 23, 75 (1996).

[7] D. Eyl et al., Z. Phys. A 352, 211 (1995). [8] B.D. Milbrath, J. McIntyre et al., Phys. Rev. Lett. 80, 452 (1998) and Phys. Rev. Lett. 82, 2221 (1999).

[9] D.H. Barkhuff et al., Phys. Lett. B 470, 39 (1999). [10] S. Malov et al., Phys. Rev. C 62, 057302 (2000). [11] A. Zghiche et al., Nucl. Phys. A572, 513 (1994). [12] R. Schiavilla, V.R. Pandharipande and A. Fabrocini, Phys. Rev. C 40, 1484 (1989).

[13] J.E. Ducret et al., Nucl. Phys. A556, 373 (1993). [14] K.I. Blomqvist et al., Z. Phys. A 351, 353 (1995). [15] I. Sick, Comm. Nucl. Part. Phys. 18, 109 (1988). [16] D.B. Day et al., Ann. Rev. Nucl. Part. Sci. 40, 357 (1990).

[17] D.B. Day et al., Phys. Rev. Lett. 59, 427 (1987). [18] D.H. Lu et al., Nucl. Phys. A634, 443 (1998); D.H. Lu et al., Phys. Lett. B 417, 217 (1998); D.H. Lu et al., Phys. Rev. C 60, 068201 (1999).

[19] M.R. Frank, B.K. Jennings and G.A. Miller, Phys. Rev. C

54, 920 (1996).

[20] Ulf-G. Meissner, Phys. Rev. Lett. 62, 1013 (1989). [21] I.T. Cheon and M.T. Jeong, J. Phys. Soc. Jpn. 61, 2726 (1992).

[22] A.I. Akhiezer and M.P. Rekalo, Sov. J. Part. Nucl. 4, 277 (1974); R. Arnold, C. Carlson and F. Gross, Phys. Rev. C

23, 363 (1981).

[23] M.K. Jones et al., Phys. Rev. Lett. 84, 1398 (2000). [24] K.I. Blomqvist et al., Nucl. Inst. Meth. A403, 263 (1998).

[25] Th. Pospischil, Ph.D. thesis, Mainz (unpublished), and Th. Pospischil et al., submitted to Nucl. Inst. Meth., LANL preprint nucl-ex/0010007.

[26] G. Waters et al., Nucl. Inst. Meth. 153, 401 (1978);

D. Besset et al., Nucl. Inst. Meth. 166, 379 (1979); R.D. Ransome et al., Nucl. Inst. Meth. 201, 309 (1982); E. Aprile-Giboni et al., Nucl. Inst. Meth. 215, 147 (1983).

[27] M.W. McNaughton et al., Nucl. Inst. Meth. A241, 435 (1985).

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

[29] G. Höhler et al., Nucl. Phys. B114, 505 (1976);

Ch. Berger et al., Phys. Lett. 35B, 87 (1971); L.E. Price et al., Phys. Rev. D 4, 45 (1971); J. Litt et al., Phys. Lett. 31B, 40 (1970).

[30] J.-M. Laget, Nucl. Phys. A579, 333 (1994). [31] T. de Forest, Jr., Nucl. Phys. A392, 232 (1983). [32] J.J. Kelly and S.J. Wallace, Phys. Rev. C 49, 1315 (1994).