arXiv:nucl-ex/0108002 1 Aug 2001

Asymptotic normalization coefficient of^8B from breakup reactions and the S_{17} astrophysical factor

L. Trache^1, F. Carstoiu^{2,3}, C. A. Gagliardi^1, R. E. Tribble^1 1Cyclotron Institute, Texas A&M University, College Station, TX-77843, USA 2Institute of Physics and Nuclear Engineering H. Hulubei, Bucharest, Romania 3Institut fuer Theoretische Physik der J. W. Goethe Universitaet, Frankfurt am Main, Germany (August 1, 2001)

We show that asymptotic normalization coefficients (ANC) can be reliably extracted from one nucleon breakup reactions of loosely bound nuclei at 30-200 MeV/u. In particular, the breakup of^8B is described in terms of an extended Glauber model. The parallel momentum distribution of core fragments is fully reproduced. The^8B ANC extracted for the ground state of this nucleus from breakup data at several energies and on different targets, C^2_{tot} = 0.437^{+0:041}�_{0:045} fm�^1, leads to the astrophysical factor S17(0) = 16.9^{+1:6}�_{1:7} eV�b for the key reaction for solar neutrino production^7Be(p,γ)^8B. The procedure described here is more general, providing an indirect method to determine reaction rates of astrophysical interest with beams of loosely bound radioactive nuclei.

8B, produced in the^7Be(p,γ)^8B reaction, is the major source of the high-energy neutrinos observed by solar neutrino detectors [1]. This, coupled with the fact that the^7Be(p,γ)^8B reaction rate is the most poorly determined in the standard solar model, has focused a great deal of attention on the reaction. A consensus seems to be developing, based on recent direct and indirect determinations (see [2–4] and references therein), that the astrophysical factor S_{17}(0) is near the lower end of the current adopted range, 19^{+4}�_2 eV b [5]. However, we are still far from the goal of determining S_{17}(0) to 5%, and as all current techniques are dominated largely by systematic effects, alternatives that are sensitive to different systematics are important [5]. The asymptotic normalization coefficient (ANC) approach [6] is based on the fact that the^7Be(p,γ)^8B reaction is highly peripheral. Thus, what one needs most is a precise quantitative description of the tail or periphery of the^7Be + p ↔^8B overlap function, which is given by the corresponding ANC, rather than of the full many-body wave function inside the core. The advantage of this approach is that ANC’s may be determined from other peripheral nuclear reactions that have cross sections orders of magnitude larger than the radiative capture reaction of interest. Tests have shown that ANC’s determined from peripheral nucleon transfer reactions at about 10 MeV/u can be used to predict direct radiative capture rates at astrophysical energies to better than 9% [7,8], and this technique has been applied to determine S_{17} from measurements of two (^7Be,^8B) proton transfer reactions [4].

In the present paper we show that from data on breakup reactions of^8B at energies around or larger than the Fermi energy [9–12] one can extract asymptotic normalization coefficients for its ground state wave function, in particular because of its large spatial extension. Improvements in the nuclear reaction model used make a quantitative description possible for the energy range 30- 200 MeV and the ANC extracted reliable. Then, this ANC can be used to obtain an independent determination the astrophysical factor S_{17}(0).

Recent advances in experimental techniques permit to select the final state of the remaining core in breakup reactions at large energies. Typically an exotic nucleus B = (Ap), where B is a bound state of the core A and the proton p, is produced by fragmentation from a primary beam, separated and used to bombard a secondary target. After the breakup occurs, the breakup cross section and the parallel momentum distribution of the core A are measured. By detecting the final state of the core, e.g. using coincident gamma rays, one can determine important spectroscopic information about the ground state of the exotic projectile [13–15]. The measured momentum distribution of the core can be related to the momentum distribution of the bound nucleon.

In the following we use an extended Glauber model to describe such breakup reactions. Here we outline the key features of the model. Details will be published elsewhere [16]. In all reactions where the core survives (either transfer or one-nucleon breakup) the matrix elements include the overlap integral I^B_{Ap}(⃗r) for the nuclei A, p, and B, obtained after the integration over the internal coordinates of fully antisymmetric wave functions, with ⃗r the vector connecting the center of mass of nucleus A with p [17,6]. Outside the core the antisymmetrization effects are small and the overlap integral behaves very much like the radial wave function for a single particle in the potential given by the core. The overlap integrals are not normalized to unity, but to the spectroscopic factors S_{nlj} . At asymptotic distances where nuclear forces are vanishingly small, r > R_N , the overlap integrals behave as I^B_{Aplj} (r) → S^{1/2}_{nlj} φ_{nlj} (r) → C^B_{Aplj} W�η,l+1/2(2kr) r . (1)

Here C^B_{Aplj} is the asymptotic normalization coefficient defining the amplitude of the tail of the overlap integral, W is the Whittaker function, k is the wave number, and η is the Sommerfeld parameter for the bound state (Ap). The asymptotic normalization coefficients C^B_{Aplj} can be extracted from any peripheral observables that are measured experimentally.

For the reaction model calculations we assume that the ground state of the projectile (J^π ) can be approximated by a superposition of configurations of the form [Ψ^{πc}_c ⊗ nlj]^{Jπ} , where Ψ^{πc}_c denote the core states and nlj are the quantum numbers for the single particle wave function φ_{nlj}(r) in a spherical mean field potential. These single particle states are normalized to unity and have the asymptotic behavior given by Eq. 1, with the single particle asymptotic normalization coefficients b_{nlj}. When more than one configuration contributes to a given core state, the total cross section for one-nucleon breakup is written as an incoherent superposition of single particle cross sections: σ_{1p} = X S(c, nlj)σ_{sp}(nlj). (2) A similar relation holds for the momentum distribution. Typically the nucleon is not measured, therefore the calculated cross sections σ_{sp}(nlj) contain a stripping term (the loosely bound nucleon is absorbed by the target and the core is scattered and detected), a diffraction dissociation term (the nucleon is scattered away by the target, the core is scattered by the target and is detected) and a Coulomb dissociation term:

σ_{sp} = Z 1 0 2πbdb(P_{str}(b) + P_{diff} (b)) + σ_{Coul} (3) The first two are approximately equal; the Coulomb term is more important for heavier targets and for proton halo nuclei. In previous analyses of breakup reactions, a structure for the core state (the spectroscopic factors S(c, nlj)) was assumed or was taken from nuclear structure calculations, and a model was used to describe the interaction of the core and of the loosely bound nucleon with the target. Agreement between the calculated and experimental values was considered a validation both of the assumed nuclear structure and of the reaction model calculations used [10,11,18,19].

In the present case we use an extended Glauber model, in the eikonal approximation with non-eikonal correction terms up to the second order. Realistic nucleon-target and core-target S-matrix elements are used in the evaluation of the impact parameter dependent probabilities. We find that the largest contributions to the cross sections σ_{sp}(nlj) come from large impact parameters and therefore the phenomena are peripheral. It then follows that we can express the results in terms of the asymptotic normalization coefficients and reverse the process: we can use the experimental results to extract the ANC’s.

Calculations were done for several^8B breakup reactions for which data exist in literature. The model is similar with that developed by Bertsch et al. [20,21]. It was tested before on 23 different reactions in the p-sd shell [22]. The loosely bound proton and the core moving on an eikonal trajectory interact independently with the target nucleus, an assumption valid at these energies. For the proton-target we used the interaction of Jeukenne, Lejeune and Mahaux (JLM) [23], in the updated version of Bauge et al. [24]. This interaction contains both real and imaginary parts and was adjusted for a very wide range of targets and proton energies from 1 to 200 MeV. For the target-core nucleus-nucleus interaction we use the double folding procedure described in [25]: the same JLM interaction is folded with Hartree-Fock nuclear matter distributions of the core and of the target. Subsequently the double folding potentials were renormalized to reproduce a variety of elastic scattering data for light nuclei. We found there that the real part needed a substantial renormalization at about 10 MeV/u (N_V =0.366), but the imaginary part did not (N_W =1.00). We have checked the procedure on a much wider set of data from literature at larger energies, and found a similar conclusion for the imaginary part, while the renormalization of the real part approaches unity around 50 MeV/u. Therefore, in the present calculations we adopted the procedure of [25], with the JLM(1) interaction, and N_W =1.00. The S-matrix calculations that enter the first two terms of Eq. 3 are expected to depend primarily on the imaginary part of the interaction. Indeed, calculations with large variations of the renormalization of the real potential (N_V =0.366 and N_V =0.80) give the same cross sections. The Coulomb term is treated in a perturbative method which for low Z targets is equivalent with that of Ref. [26].

The impact parameter dependence of the two main terms in Eq. 3 is plotted in Fig. 1 for the case of the breakup of^8B on a Si target at 38 MeV/u [9]. Both peak at large distances, showing that the reaction is peripheral. Further, different single particle wave functions were used for the outer proton to calculate the breakup cross section in the same reaction model. We chose a range of radii and diffusivities (R = 2.20 − 2.60 fm and a = 0.50 − 0.70 fm) for the Woods-Saxon potentials and repeated the calculations. A correct spin-orbit term was included, and in all cases we adjusted the depth of the potential to reproduce the proton separation energy S_p = 137 keV. In practice, one single component was used, instead of two different 1p_{3/2} and 1p_{1/2} components, as their radial behavior is identical at large distances. Thus we rewrite Eq. 2 as:

σ_{1p} = (S_{p3/2} + S_{p1/2} )σ_{sp} = (C^2_{p3/2} + C^2_{p1/2} )σ_{sp}/b^2_p, (4)

where b_p is the ANC of the normalized 1p_j radial single particle wave function. The experimental value for the breakup cross section is 222±15 mb. The calculated cross section varies from 226 mb to 326 mb with the choice of the single particle wave function used (i.e. (R, a) the radius and diffusivity parameters of the Woods-Saxon potential used), which is equivalent to 44% variation if a spectroscopic factor S_{tot} = S_{p3/2} + S_{p1/2} is extracted using the first part of Eq. 4. However if the square of the

ANC C^2_{tot} = C^2_{p3/2} + C^2_{p1/2} is extracted instead, the result is very stable, as shown in Fig. 2. The average and the standard deviation of the values extracted from 20 combinations (R, a) is C^2_{tot} = 0.457 ± 0.010 fm�^1. The standard deviation is much smaller than the 7% uncertainty in the quoted experimental cross section. Thus, one can extract a value for the ANC which is independent of the Woods-Saxon potential, but not a spectroscopic factor. Similar calculations were done for the same target and two other energies (35 and 28 MeV/u), and for other targets and energies. The ANC extracted and the standard deviation of the results are very similar with those cited above and are presented in Table I. In addition to Glauber type calculations, calculations using the blackdisk Hansen model [27] were carried out using a cutoff impact parameter b_{min} = 1.22(A^{1/3}_c + A^{1/3}_t ) fm (bottom of table). The results in this model depend rather strongly on this parameter: e.g. a 30% change in the calculated cross section appears for^8B(38 MeV/u)+^{28}Si when the cutoff is varied from 6.4 fm to 7.2 fm. Additional breakup cross section data at large energies up to 1440 MeV/u on different targets (^{12}C,^{27}Al,^{116}Sn and 208Pb) are included in Table I. The energies are much higher, with some of them out of the range for which the JLM proton-nucleus interaction is optimized, and some of the targets are much heavier, and we expect that our perturbative approach for the Coulomb term in the Glauber model is not really appropriate for the heaviest targets (or for lower energies on medium targets [28]). However, using the above choice, a remarkable consistency for the ANC was achieved. Similar results are obtained if we average the values extracted on the Glauber calculations on the Si target only (first 3 cases) C^2_{tot} = 0.460 ± 0.013

fm�1_{(standard deviation around the average plus in-}

dividual calculation uncertainties), on the light targets only (excluding Sn and Pb cases, due to the perturbative treatment of the Coulomb part): 0.454 ± 0.017 fm�^1, or on all 15 cases in the table: 0.463 ± 0.024 fm�^1. In all cases the standard deviations around the average are smaller than the uncertainties in the experimental cross sections. We select the first value, using the Glauber calculations for Si targets that contain the least theoretical uncertainty. These experiments have not determined the yield to the^7Be first excited state, but an experiment carried at 50 MeV/u on a Pb target [13] found it to be small, about 5% of the total. Nuclear breakup might populate the excited state more strongly than Coulomb breakup. Therefore, we have assumed a 5^{+7}�_5% contribution for the cross sections on Si targets and subtracted it. We find a corrected ANC C^2_{tot} = 0.437^{+0.041}�_{0.045} fm�^1 (with the 6.8% experimental error in cross section given by the authors [9], 2.8% from the procedure above, 3% from the uncertainty in the renormalization of the imaginary and real potential, and 5-7% from core excitation, included). Using a wave function with the correct asymptotic normalization as extracted above from the reactions on the Si target, we have calculated the distribution of the parallel momentum of the core measured in the breakup of 8B at 41 MeV/u on a^9Be target [12]. The result is compared in Fig. 3 with the experimental data. A very good description is obtained. This gives further credibility to our calculations and the entire approach.

The value extracted here from the breakup of^8B at 30-1440 MeV/u agrees very well with the one extracted from transfer reactions at 12 MeV/u [4]. We can use the ANC extracted to evaluate the astrophysical S factor for the reaction^7Be(p,γ)^8B at very low energies, following the procedure of Ref. [6]. Using the value from breakup we find S_{17}(0) = 16.9^{+1.6}�_{1.7} eV·b. We can also use the ANC extracted here to determine the rms radius for the 8B proton halo, following the procedure of [29]. We find a r_h = 4.18 ± 0.21 fm.

In conclusion, reliable spectroscopic information can be extracted from one-nucleon breakup reactions of loosely bound nuclei at energies around and above the Fermi energy. However, we have shown that, despite a more transparent meaning of the spectroscopic factors, the values obtained are not unambiguous, and a better quantitative description is achieved in terms of the asymptotic normalization coefficients. In turn, these can be used to calculate any observables that are dominated by the periphery of the nucleus, notably rms radii for halos and astrophysical S-factors. Calculations using an extended Glauber model and the Hansen model for the breakup data of^8B on a wide range of targets and energies lead to an unambiguous value for the ANC. From it the astrophysical factor S_{17}(0) = 16.9^{+1.6}�_{1.7} eV·b for the 7Be(p,γ)^8B reaction is obtained, in very good agreement with the values from recent determinations from direct measurements [2] and with those using indirect methods [3,4]. The validity of the procedure is wider than for the^8B case discussed above. The requirements are good absolute values for the breakup cross sections, with the identification of the final state of the core, and reliable cross section calculations. Both conditions have been met by recent measurements and reaction models. In addition to the^8B case reported here, a similar analysis has been done for breakup data of the neutron halo nuclei 11Be,^{14}B and^{15}C. The results are very promising and will be reported elsewhere [16]. This demonstrates that the method can be used to extract valuable information for nuclear astrophysics. Very difficult or even impossible direct measurements that would involve bombarding short lived targets with very low energy protons can be replaced or supplemented by indirect methods seeking the relevant ANC’s, rather than complete knowledge of the ground state wave function of these exotic nuclei. In addition, the indirect ANC method is subject to different systematic errors than the direct measurements, and therefore redundance of the results is very much welcome, particularly for critical astrophysical S-factors, such as that for the^7Be(p,γ)^8 B reaction.

One of us (FC) acknowledges the support of Deutsches Forschungs Gemeinschaft for a stay at the University of

Frankfurt/Main, during which part of this work was completed. The work was supported by the U. S. Department of Energy under Grant No. DE-FG03-93ER40773, by the Romanian Ministry for Research and Education under contract no 555/2000, and by the Robert A. Welch Foundation.

[1] J. N. Bahcall, in Solar Modeling (World Scientific, Singapore, 1994), p.1 and references therein.

[2] F. Hammache et al., Phys. Rev. Lett. 86, 3985 (2001). [3] B. Davids et al., Phys. Rev. Lett. 86, 2750 (2001). [4] A. Azhari et al., Phys. Rev. C 63, 055803 (2001). [5] E. G. Adelberger et al., Rev. Mod. Phys. 70, 1265 (1998). [6] H. M. Xu et al., Phys. Rev. Lett. 73, 2027 (1994). [7] C. A. Gagliardi et al., Phys. Rev. C 59, 1149 (1999). [8] N. Imai et al., Nucl. Phys. A688, 281c (2001). [9] F. Negoita et al., Phys. Rev. C 54,1787 (1996). [10] B. Blank et al., Nucl. Phys. A624, 242 (1997). [11] M. H. Smedberg et al., Phys. Lett. B 452, 1 (1999). [12] J. H. Kelley et al., Phys. Rev. Lett. 77, 5020 (1996). [13] T. Motobayashi et al., Phys. Rev. Lett. 73, 2680 (1994);

Nucl. Phys. A682, 345c (2001).

[14] T. Aumann et al., Phys. Rev. Lett. 84, 35 (2000). [15] V. Maddalena et al, Phys. Rev. C 63, 024613 (2001). [16] F. Carstoiu et al., to be published.

[17] G. R. Satchler, Direct Nuclear Reactions, Clarendon Press, Oxford Univ. Press, N.Y., 1983.

[18] J. S. Al-Khalili and J. A. Tostevin, Phys. Rev. Lett. 76, 3903 (1996).

[19] H. Esbensen and K. Hencken, Phys. Rev. C 61, 054606 (2000).

[20] G. Bertsch, H. Esbensen and A. Sustich, Phys. Rev. C 42, 758 (1990).

[21] K. Hencken, G. Bertsch and H. Esbensen, Phys. Rev. C 54, 3043 (1996).

[22] E. Sauvan et al., Phys. Lett. B491, 1 (2000). [23] J. P. Jeukenne, A. Lejeune and C. Mahaux, Phys. Rev.

C 16, 80 (1977).

[24] E. Bauge, J. P. Delaroche and M. Girod, Phys. Rev. C 58, 1118 (1998).

[25] L. Trache et al., Phys. Rev. C 61, 024612 (2000). [26] C. Bertulani and G. Baur, Nucl. Phys. A480, 615 (1988). [27] P. G. Hansen, Phys. Rev. Lett. 77, 1016 (1996). [28] V. Guimaraes et al., Phys. Rev. Lett 84, 1862 (2000). [29] F. Carstoiu et al., Phys. Rev. C 63, 054310 (2001).

FIG. 1. The stripping and diffraction dissociation parts of the breakup probability as a function of the impact parameter.

FIG. 2. Comparison of the spectroscopic factors Stot (dots) and of the ANC C^2_{tot} (triangles) extracted from the^8B breakup data on Si at 38 MeV/u [9], for different parameters of the single particle Woods-Saxon potentials.

FIG. 3. Calculated parallel momentum distributions for core-like fragments in a breakup reaction of^8B on a^9Be target at 41 MeV/A, are compared with experimental data [12]. The curve labeled ”intr” is the result of a calculation with the Serber model in the transparent limit.

TABLE I. Summary of the ANC extracted from different 8B breakup reactions (Glauber model - top, Hansen model - bottom) .

Target E/A exp. c.s. Ref. C^2_{eff}

[MeV/u] [mb] [fm�^1] 28Si 28 244(15) [9] 0.470

35 225(15) [9] 0.454 38 222(15) [9] 0.457 208Pb 142 744(9) [10] 0.448

285 542(9) [10] 0.491 28Si 28 244(15) [9] 0.448

35 225(15) [9] 0.434 38 222(15) [9] 0.434 12C 142 109(1) [10] 0.442

285 89(2) [10] 0.462 1440 98(6) [11] 0.476 27Al 285 131(2) [10] 0.462 116Sn 142 502(6) [10] 0.464

285 332(6) [10] 0.464 208Pb 142 744(9) [10] 0.519

285 542(9) [10] 0.471