Empirical Evidence for Relation between Threshold Effects and Neutron Strength Function

H. Comisel Institute of Atomic Physics, Bucharest, POB MG-6, Romania

C. Hategan Romanian Academy Institute of Atomic Physics, Bucharest, POB MG-6, Romania

In this letter one proves, by analyzing experimental data, that the mass dependent magnitude of threshold effects observed in deuteron stripping reactions on A ≈ 90 mass target nuclei is proportional to the 3-p wave neutron strength function.

I. INTRODUCTION

The problems of threshold effects in nuclear reactions [1] and of the neutron strength function [2] were formulated in early days of low-energy nuclear physics; nevertheless they both are still topical basic subjects of research in contemporary nuclear physics, (see for example, [3] and [4]). This work does establish an empirical relation between the 3-p wave neutron strength function and the anomal effect observed at threshold of neutron analogue channel, in deuteron stripping reactions on A ≈ 90 mass target nuclei.

By analyzing existing experimental cross-section data on this (d, p) threshold anomaly, one proves that the magnitude of the effect is proportional to the 3-p wave neutron strength function. According to this result, the threshold effects depend not only on penetration factors of neutron opening channel but also on spectroscopic amplitude of zero energy neutron single particle resonance.

II. PHYSICAL ASPECTS OF THRESHOLD PHENOMENA

The threshold effects in a multichannel system originate in conservation of the flux; in a hidrodynamical picture, the opening of a new reaction channel results into a redistribution of flux in old open channels. The magnitude of a threshold effect depends, via penetrations factors, on amount of flux absorbed and re-emitted by threshold channel. If the threshold channel has no (coulombian and centrifugal) barriers, its penetration factors depend linearly on wave number and this results into a ’cusp’ in open channels cross-sections, [1]. Physical conditions implied by a threshold cusp are general ones; however the experimental studies have shown that threshold effects are rather related to some restrictive conditions. An exhaustive analysis [3] of threshold effects in low-energy nuclear reactions on light nuclei, has proved that these effects do occur only if a resonance is coincident with neutron threshold and if the resonance has a large reduced width (≈Wigner unit) for decay in neutron threshold channel. A threshold resonance, overlapping neutron channel, does amplify the flux exchange of threshold channel with open ones. This type of threshold effects, observed with light nuclei, proceeds via compound nucleus reactions.

A threshold effect in direct reactions was evinced in deuteron stripping on medium-mass target nuclei, [5]. The main experimental characteristics of this threshold anomaly are: (1) the anomaly does not appear for lowest neutron threshold but rather it is related to opening of (d, n̄) neutron analogue channel, (2) it manifests mainly as a dip (reversed resonant peak) in excitation functions; the dip half-width is typically 0.7 MeV, (3) the magnitude of the threshold dip is dependent on mass of target nucleus. In this letter we prove that the mass dependence of threshold anomaly is related to residual nucleus in the exit neutron channel, and it follows the mass dependence of 3-p wave neutron strength function.

The first experimental characteristic [1] was considered [5] as an experimental evidence for isospin coupling of exit proton and analogue neutron channels. The isospin coupling of analogue proton and neutron channels is basis for a Coupled Channel Born Approximation model [6]. Lane has proposed a phenomenological model [7] based on zeroenergy p-wave neutron single particle resonance, specific to A ≈ 90 mass nuclei; by isospin coupling it is reflected as a resonant structure in S-Matrix element of analogue proton channel. According to this model, the magnitude of the threshold effect is dependent on isospin coupling strength of proton to neutron analogue channel. If this assumption is

FIG. 1: Experimental (•) and computational (–) cross-section for^{88}Sr(d, p)^{89}Sr deuteron stripping at θ = 160^∘ incident angle.

taken literally, the threshold anomaly strength should be nearly same for all nuclei in A ≈ 80 − 100 mass area. In this letter one studies the mass dependence of threshold anomaly strength, by analyzing the corresponding experimental cross-section data published in literature, for following target nuclei:^{80}Se [8],^{86}Kr [9],^{88}Sr [10],^{90}Zr [5], [11], [12], 92Zr [13],^{92}Mo [13],^{94}Zr [13],^{94}Mo [13] and^{106}Cd [11]. For this purpose one uses two approaches: a ’computational’ one based on Lane model and an ’empirical’ model - independent one. In the first approach the strength of the anomaly is the only free (fit) parameter of the S-Matrix threshold term. In second approach one evaluates the relative strength of anomaly in cross-section data, as a function on mass number. From both approaches one obtains that the magnitude of the threshold effect depends on mass number similarly as the 3-p wave neutron strength function.

III. EVALUATION OF THE STRENGTH OF (D,P) THRESHOLD ANOMALY

The phenomenological model for (d, p) threshold anomaly, proposed by Lane [7], is based on neutron resonance interplay of 3-p wave neutron single particle resonance with threshold, for A ≈ 90 mass nuclei. The isospin interaction couples to p-wave of the analogue proton channel, resulting into a p-wave resonant term in Scattering Matrix of the (d, p) reaction

S_{dp} = S^0_{dp} + S^π_{dp} = S^0_{dp} + ∑ j_p=1/2,3/2 α_{jp} (h̄^2/ma^2) E_{jp} − E − (S_1 + iP_1 − b)γ^2_n −^i_2 Γ^′ (1)

with S^0_{dp} as a (d, p) reaction DWBA background S-Matrix element; E_{jp} - energy eigenvalues corresponding to boundary condition b at neutron channel radius a; γ^2_n is the neutron reduced width; S_1 and P_1 are p-wave (l=1) neutron shift and penetration factors, Γ^′ is sum of the proton decay width and of broadening width; α_{jp} - phenomenological coupling parameters of proton and neutron analogue channels.

The peculiarity of this S-Matrix element is strong energy dependence near threshold of the resonance denominator ( S_1 and P_1), resulting in a change of energy scale (”compression factor”).

According to Lane model, the threshold anomaly strength is a free fit parameter. One has to remark that these parameters are subject to some physical constraints as dependence on input channel energy. A computational study of this problem does show that their mass dependence remains practically unchanged, even if they are considered energy independent. The Lane model did reproduce morphologically the anomaly; a rather extensive experimental and computational study was presented in the work [11].

The transition amplitude describing background and anomal reactions mechanisms consists, according to Lane formula, from a DWBA - and a threshold resonant - term; these terms are constructed, respectively, in transferred angular momentum coupling scheme, and in the total angular momentum coupling scheme, and they are added up in the code DWUCK, [14]. The DWBA description of the background is realized in terms of deuteron [15] and proton [16] optical global parameters and by a suitable choice of spectroscopic factors; afterwards the background parameters are kept fixed during anomaly’s calculations.

FIG. 2: The mass dependence of 3-p wave neutron strength function (•) and of the: (a) ’empirical’ (△); (b) ’computational’ (⋄) strengths of the anomaly.

The experimental and theoretical cross sections obtained with the above method for the^{88}Sr(d, p)^{89}Sr stripping reaction are displayed in figure 1. The spectroscopic coefficient is previously determined from forward angular distribution. In fit one uses same absolute value of α parameter for different deuteron angular momenta compatible with proton p-wave. Similar analyses were done for the other anomalies listed above. The minimization procedure is based on the gradient method using the Minuit package, [17].

The ’empirical’ strengths of anomaly and their errors obtained by a standard analysis, are presented in figure 2(a) (triangles) together with 3-p wave neutron strength function experimental data. The recent experimental 3-p wave neutron strength function for the investigated cases, i.e.,^{80}Se [18],^{86}Kr [19],^{88}Sr [20],^{90}Zr [21],^{92}Zr [21],^{92}Mo [21],^{94}Zr [22],^{94}Mo [22] and^{106}Cd [23] are plotted with filled circles.

The anomaly strength in empirical procedure is evaluated from the maximal deviations of the cross-section with respect to median values at half-widths points of the anomaly dip. The magnitude of the anomaly is normalized with respect to (d, p) background cross-section including corresponding spectroscopic factor. The median value is obtained by integrating the experimental cross section using the trapezoidal method with an energy incremental step of about 0.1 MeV. The background cross section is interpolated within it’s asymptotic values by using an one-dimensional data interpolation method with spline functions. This procedure results into a global parameter for anomaly’s magnitude with no explicit reference to different deuteron channels which are contributing to same p-wave proton channel.

The model evaluated strengths are plotted versus mass number A in figure 2(b) (unfilled diamonds). The errors of the numerical evaluated strengths have been extracted from the Error Matrix generated by the MINOS procedure (see ref. [17]). The evaluated spectroscopic strengths of anomaly, considering a 90 percents confidence level, are in agreement with the experimental values of the neutron strength function.

IV. CONCLUSIONS

This letter proves, within ’computational’ and ’empirical’ frameworks, that the magnitude of deuteron stripping threshold anomaly observed with A ≈ 80 - 100 mass target nuclei is proportional to the 3-p wave neutron strength function. According to this work, the threshold effects depend not only on penetration factors of opening channel, as in Cusp Theory, but also on spectroscopic amplitude of neutron state in opening channel. This result is a ’computational’ and ’empirical’ demonstration according to the ancestral source of anomaly is zero-energy neutron p−wave single particle resonance.

REFERENCES

[1] E.P. Wigner, Phys. Rev. 73, 1002 (1948) [2] A.M. Lane, R.G. Thomas, E.P. Wigner, Phys. Rev. 98, 693 (1955) [3] S.N. Abramovich, B.Ya. Guzhovskii, L.M. Lazarev, Fiz. Elem. Chastis. At. Yadra 23, 305 (1992) [4] G.S. Samosvat, Fiz. Elem. Chastis. At. Yadra 17, 713 (1986); 26, 655 (1995) [5] C.F. Moore, C.E. Watson, S.A.A. Zaidi, J.J. Kent, J.G. Kulleck, Phys. Rev. Lett. 17, 926 (1966) [6] S.A.A. Zaidi, P.v. Brentano, Phys. Lett. 23, 466 (1966) [7] A.M. Lane, Phys. Lett. B 32, 274 (1970) [8] W.R. Coker, C.F. Moore, Phys. Lett. B 25, 271 (1967) [9] W.R. Coker, C.L. Hollas, P.J. Riley, S. Sen, Phys. Rev. C 4, 836 (1971) [10] S.A.A. Zaidi, W.R. Coker, D.G. Martin, Phys. Rev. C 2, 1384 (1970) [11] W. Stach, W. Kretschmer, H. Clement, G. Graw, Nucl. Phys. A 332, 144 (1979) [12] R.Coker, T. Tamura, Phys. Rev. 182, 1277 (1969) [13] R. Heffner, C. Ling, N. Cue, P. Richard, Phys. Lett. B 26, 150 (1968) [14] P.D. Kunz, the DWBA code DWUCK (private communication) [15] J.A.R. Griffith, M. Irshad, O. Karban, S. Roman, Nucl. Phys. A 146, 193 (1970) [16] F.D. Bechetti, G.W. Greenles, Phys. Rev. 183, 1190 (1969) [17] F. James, R. Ross, CERN preprint D506x (1989); CN/ASD Group, Program Library D506, CERN (1993) [18] R.M. Musaelyan, V.I. Popov, V.M. Skorkin, Kratkie Soobshcheniya po Fizike, 8, 15 (1985) [19] S. Raman, B. Fogelberg, J.A. Harvey, R.L. Macklin, P.H. Stelson, A. Schroder, K.L. Kratz, Phys. Rev. C 28, 602 (1983) [20] J.W. Boldeman, B.J. Allen, A.R. Del. Musgrove, R.L. Macklin, B.R. Winters, Nucl. Phys. A 269, 397 (1976) [21] M.B. Fedorov, V.D. Ovdienko, G.A. Smetanin, T.I. Jakovenko, N.T. Skljar, Vop. At. Nauki i Tekhn., Ser.

Yadernye Konstanty, 1, 69 (1985) [22] L.V. Mitsyna, A.B. Popov, G.S. Samosvat, Conf. on Nucl. Data for Sci. and Technol., Mito 1988 [23] A.B. Popov, G.S. Samosvat, V.G. Nikolenko, Zo-In-Ok, Conf.on Nucl. Data for Basic and Appl Sci., Santa Fe 1985