arXiv:nucl-th/0006067 28 Jun 2000

Deuteron Breakup pd ! pnp in Specific Kinematics and Short-Range NN-Interaction

Yu.N. Uzikov^1 Joint Institute for Nuclear Research, LNP, Dubna, Moscow region 141980, Russia

Abstract. Deuteron breakup processes p + d → (NN)_{s,t} + N are studied in the kinematics of backward elastic pd-scattering at law relative momenta of the NNpair k ∼ 0 − 50MeV/c for initial energies T_0 = 0.5 − 2.5GeV in the framework of the known mechanisms of the pd → dp process including rescatterings in the initial and final states. A considerable suppression of the Δ− and N^∗− isobar excitation mechanisms is found for the production of the singlet (NN)_s-pair. As a result, one nucleon exchange mechanism can be identified in the cross section and polarization observables by the node of the half-off-shell NN(^1S_0)-scattering amplitude, t(q, k), at q ∼ 0.4 GeV/c.

PACS numbers: 24.70.+s; 24.50.+g; 21.45.+v

1E-mail address: uzikov@nusun.jinr.dubna.su

The short-range structure of the lightest nuclei is related to fundamental problems of the theory of strong interactions. At present the main task consists in a clear experimental observation of this structure and determination to what limiting values of the intrinsic nucleon momenta q the traditional description of nuclei in terms of nucleons is valid. In the framework of the impulse approximation (IA), available inclusive experimental data on spin averaged cross section for deuteron disintegration d p → p(0^o) X, d^{12}C → p(0^o) X (see Refs. [1, 2] and references therein) are compatible with the realistic deuteron wave functions at low internal momenta q < 0.3GeV/c. However, at higher momenta a systematic deviation from the IA is observed [3]. This disagreement is most obvious in the tensor analyzing power T_{20} of these reactions. One possible explanation of such a behaviour is the presence of quark exchanges effects in the deuteron wave function [4]. However, other interpretations have been proposed also [5]. The experimental data on exclusive polarized and unpolarized experiments p + d → p + n + p demonstrate similar deviation from the IA which can be qualitatively explained by rescatterings in the final state and excitation of the Δ−isobar [6]. A large contribution from final state interaction and excitation of the nucleon isobars can produce fast nucleon “spectator” in final state without the necessity of high momentum pn- components of the deuteron wave function and therefore mask the structure of the deuteron at short NN- distances.

At present a correct treatment of these screening effects at intermediate energies is a nontrivial problem for theory. This can be seen, for example, from the analysis of the backward elastic pd-scattering. Exact Faddeev calculations are performed at present for the elastic Nd-scattering at energies below the pion production threshold (T_N ≤ 250 MeV) [7]. At higher energies analysis was performed in the framework of the coherent sum of the one nucleon exchange (ONE), pN single scattering (SS) and the Δ− isobar excitation (Δ) mechanisms [9, 10], [11]. There is an agreement with the experimental data both for dσ/dΩ and T_{20} at rather low energies T_0 ∼ 0.2 − 0.4GeV where the ONE-mechanism dominates [10]. At initial energies T_0 = 0.5−1.5GeV and scattering angle θ_{c.m.} = 180^o the ONE+ SS+Δ model qualitatively describes the spin-averaged pd → dp cross section dσ/dΩ [11] but does not explain the T_{20}-data [12, 13].True negative sign of T_{20} was obtained in Ref. [14] under special approximations in the framework of Δ-mechanism but the detailed structure of T_{20} was not explained. Inclusion of rescatterings and NN^∗ components of the deuteron wave function [15] or use of the covariant relativistic approach within the ONE and pion exchange mechanisms [16] does not improve the agreement with the data at

Figure 1: Mechanisms of the reaction p + d → n + pp: a – one-nucleon exchange (ONE), b, c – single scattering (SS), d, e – double pN-scattering with excitation of the Δ− (Δ) or N^∗-isobar. T_0 > 0.5GeV . Obviously, this problem is connected to the nucleon isobar excitation. It could be related not only to off-shell effects in the NN ⇀↽ NΔ amplitudes. In fact, even in the Δ−region spin observables for the elementary reaction pp → pnπ^+ are not described properly within the one-meson-exchange model, as was shown in the unitary theory of coupled NN − πNN channels [17].

To minimize screening effects we propose to study the deuteron breakup process p + d → (np)_s + p with formation of the singlet deuteron (pn)_s in kinematics of the backward (quasi)elastic pd-scattering or the similar reaction

p + d → (pp)(0^o) + n(180^o) (1)

at small relative energy of the forward pp-pair (E_{pp} = 0 − 3MeV ) [18]. The ONE + SS + Δ model of the backward elastic pd-scattering developed in Ref. [9] and improved later in Ref. [10] in respect to the Δ− contribution was used in Refs.[19] to analyze the reaction (1) (see Fig.1). According to [19], the presence of the final NNpair in the^1S_0-state considerably changes the relative contribution of the different mechanisms in comparison with the elastic backward pd-scattering. In particularly, a suppression of the Δ-mechanism contribution was found in Ref. [19], but not explained.

We present here new results of a theoretical study of the reaction (1). Firstly, we show that the isotopic spin suppression factor^1_3 arising for the Δ mechanism is effective for broader class of important diagrams than established in Refs.[19],[20]. In particular, the same factor occurs for the N^∗-excitation mechanism too. Secondly, we analyze spatial parts of the amplitudes. Thirdly, rescattering effects are estimated here in the eikonal approximation. In addition spin observables of the first and the second order have been calculated here also.

We will discuss here the ratio of the break-up amplitudes with formation of the singlet (np)_s- and triplet (pn)_t-pairs for different mechanisms R ≡ |A(p d → (np)_s p)| |A(p d → (np)_t p)| = |A(p d → (np)_s p)| |f(k)A(p d → d p)| , (2)

where the following relation from Ref. [21] A(p d → (pn)_t p) = f(k)A(pd → dp), (3) is used. The function f(k) in the last equation is defined by Eq.(3) in Ref. [21], where k is the relative momentum of the final pn-pair.

Let us discuss the isotopic spin factors for the mechanism with intermediate meson-nucleon rescattering [22] depicted in Fig.1(f). This diagram includes that part of the Δ− (and N^∗-) mechanism depicted in Fig.1(d,e)), which can be described in one-meson exchange model [9, 14, 10]. Besides, this diagram takes into account a meson-nucleon continuum too. For the isovector mesons in Fig.1(f) the pd → p(np)_{s,t} amplitude contains two terms corresponding to different values of the total isotopic spin of the intermediate meson-nucleon system, T =^1_2 and^3_2 :

A(p d → (pn)_s p) = A^s_{T =1/2} + A^s_{T =3/2}, (4) A(p d → (pn)_t p) = A^t_{T =1/2} + A^t_{T =3/2}.

For definite values of the total isotopic spin T of the intermediate meson-nucleon system and the isotopic spin of the forward pn-pair, T_{pn}, one has got the following isotopic spin structure of the breakup amplitude

A^{s,t}_T (p d → (pn)_{Tnp} p) = (2T + 1) √ 2(2T_{np} + 1(T_{np}0 1 2 1 2 | 1 2 1 2 )× × { 1^1_2^1_2 1^1_2 T

} {_1 2 1 2 T_{np} 1 2 1 2 1 } B^{s,t}_T (T_{np}). (5) The Clebsh-Gordan coefficients and 6j-symbols are used here in standard notations. The dynamical factor B_T in Eq. (5) does not depend on the z-projections of the isotopic spins. Assuming the spatial parts of the wave functions of the singlet and triplet pn pairs to be the same, i.e. B^s_T (T_{np} = 1)/B^t_T (T_{np} = 0) = 1 in Eq. (5), one can find from (5) the following ratios A^s_{T =1/2} A^t_{T =1/2} = A^s_{T =3/2} A^t_{T =3/2} = − 1 3 . (6)

Using Eq.(6) one obtains from Eqs.(2) and (4) R^{iv}_I = A(p d → (pn)_s p) A(p d → (pn)_t p) = − 1 3 . (7)

We stress that owing to Eq. (6) this ratio does not depend on the unknown relative phase of the amplitudes A_{1/2} and A_{3/2} of the process πN → πN. The ratio (7) is more general in comparison with the one obtained previously in Ref.[20] for the Δexcitation and one-pion exchange mechanisms [8]. In fact, (i) all intermediate states of the meson-nucleon system both for the isotopic spin T=3/2 and T=1/2 are taken into account in Eq. (7) including the N^∗-pole terms and continuum. (ii) Moreover, relation (7) is valid not only for one definite isovector meson in the intermediate state but for the sum of diagram in Fig.1(f) with the different isovector mesons (π, ρ, . . .) in any combinations (ππ, πρ, ρρ, . . .). In fact, the relative suppression of the time inverted process p + (NN) → d + N on the singlet NN-pair was observed in the reactions of quasielastic knockout of fast deuterons^{6,7}Li(p, Nd) [23] at initial energy T_0 = 670 MeV. According to the experimental data [23], the (p,nd) cross section for the transitions to the states with destroyed α-core in the^{6,7}Li nuclei is one order of magnitude smaller in comparison with the (p,pd) cross section. This fact was explained in Ref.[20] in the framework of the Δ-resonance mechanism as a result of the suppression of the cross section of the process p + (nn)_s → d + n by the isotopic spin factor 1/9 in comparison with the process p + (pn)_t → d + p.

For the isoscalar mesons (ω, η, η^′, . . .) in the intermediate state in Fig.1(f) and for the ONE mechanism we find the ratios R^{is}_I = R^{ONE}_I = 1. For the SS-mechanism it is impossible to extract the isotopic factor from Eq.(2).

Let us take into account that the spatial parts of the scattering wave functions in the triplet^3S_1 and singlet^1S_0 states are different. For the ONE mechanism one can find the following ratio for the spatial parts of the transition amplitudes into the S-states of the (pn)_{s,t}-pairs R_X (ONE) = A(pd → p + (pn)_s) A(pd → p + (pn)_t) = √ 4πm t_s(q^′, k) (ε + q^2/m) u(q) 1 f(k) ≡ t_s(q^′, k) t_t(q, k) , (8)

where u(q) is the deuteron S-wave function normalized as ∫_∞ 0 [u^2(q)+w^2(q)]^{q2dq}_{(2π)3} = 1, ε is the deuteron binding energy; the value t_t(q, k) is defined by Eq.(8); t_s(q^′, k) = −4π ∫_∞ 0 F_0(q^′r) q^′r V (r)ψ_s(r)r^2dr (9)

is the half-off-shell matrix of pn-scattering in the^1S_0-state, F_0(z) is the Coulomb function regular at the origin, ψ_s is the^1S_0- scattering wave function obtained from the solution of the Schrödinger equation with NN(^1S_0) -interaction potential V (r) (plus Coulomb term for the pp-system). This function is normalized at r → ∞ as ψ_s(r) → sin(kr + δ)/kr, where δ is the phase shift in the^1S_0-state of the pn-system.

For the Δ-mechanism the following ratio of the spatial matrix elements is obtained from Eq. (2) on the base of Eq. (A.5) from Ref.[19]

R_X (Δ) = √ 4πm ∫_∞ 0 dr exp (iAr)u(r)ψ_s(r) ∫_∞ 0 dr exp (iAr)u(r)u(r) 1 f(k) ≡ I_s(Δ) I_t(Δ)

. (10)

Here u(r) (or w(r)) is the deuteron S (D)-wave function in configuration space normalized as ∫_∞ 0 [u^2(r) + w^2(r)]r^2dr = 1. The variable A in Eq.(10) is expressed in Refs. [9, 19] through kinematical variables of the process (1), masses of the nucleon m and the deuteron m_d, the mass M_Δ and width Γ_Δ of the Δ- isobar, respectively. The ratio for the D-component of the initial deuteron, w, can be obtained from Eq.(10) by the following substitution u(r) → w(r).

Figure 2: The numerators (dashed) and denominators (full) in the ratios (8) for the ONE (a) and (10) for the Δ− mechanism (b) at E_{pp} = 3 MeV.

For the N^∗-mechanism the corresponding formulas coincide with Eq.(10) except the value A depends on the mass M_N � and width Γ_N � of the N^∗-isobar. The ratio for the SS- mechanism can be written in a similar form.

For the dominating ONE-mechanism rescatterings in the initial and final states are taken into account in the line of works [24, 15]. This is an eikonal version of the distorted wave Born approximation method successfully applied in Ref. [24] to the backward elastic p^3He-scattering at T_0 ≥ 1GeV in the framework of np-pair exchange. Since the SS- and Δ-mechanisms are less important they are considered here in the plane wave approximation.

Figure 3: The lab. system cross section of the reaction p + d → (pp)_s + n at neutron scattering angle θ^n_{c.m.} = 180^0. Full curves show the results of calculations with the RSC potential for ONE + Δ + SS mechanisms at different relative energies E_{pp} = 0.01, 0.5, 1, 3 MeV; for E_{pp} = 3 MeV are shown the contributions of the ONE- (dashed), SS - (dashed-dotted) and Δ- (dotted ) mechanisms.

Numerical calculation for the matrix elements in the numerators and denominators of the ratios (8), (10) are performed for the RSC potential of the NN-interaction. Some results are shown in Fig.2. One can see that there is a small enhancement factor for the singlet pair caused by the difference of the spatial parts of the (np)_s/(np)_tproduction amplitudes. This factor is approximately the same for the the ONE- (at T_0 > 1GeV), Δ and SS-mechanisms, R_X (ONE) ∼ R_X (Δ) ∼ R_X (SS) ∼ 1.2 − 1.5. The similar spatial factor is obtained here for the N^∗-excitation mechanism too. The minimums at T_0 = 0.8 GeV and T_0 ∼ 0.75 GeV display the nodes of the deuteron S-wave function u(q) at q ∼ 0.4GeV/c and the half-off-shell t-matrix (9) at q^′ ∼ 0.38GeV/c, respectively. The node of the wave function u(q) is nonvisible in the cross sections of the processes pd → dp, p d → (np)_t p and (1) due to contribution of the D-wave in the deuteron or (NN)_t-scattering wave function [18].

One should note that the node of the deuteron S-wave function u(q) was dedicated indirectly only by means of very complicated experiments for measurements of the tensor analyzing power T_{20} in elastic electron-deuteron scattering and extraction of the deuteron charge formfactor (see Ref.[25] and references therein). The similar node of the half-off-shell t_s(q^′, k)-matrix at q^′ ∼ 0.38GeV/c was not yet observed experimentally.

One can see from Fig.3(a) that the ONE mechanism dominates in the cross section of the breakup p d → (pp)_s p excluding the region at T_p ∼ 0.75 GeV. Therefore the cross section of the reaction (1) is proportional to ∼ [u^2(q) + w^2(q)]×|t_s(q^′, k)|^2 at high momenta q ∼ q^′. The node of the half-off-shell t-matrix (9) at q^′ ∼ 0.38GeV/c manifests itself as a deep in the cross section at T_0 = 0.75GeV. The role of Δmechanism is nonnegligible in this node region only. A minor contribution is expected for the mechanism of excitation of heavier nucleon isobars N^∗ at T_0 > 1GeV due to approximately the same factors R_X and R_I^2. The maximal value of the cross section of the reaction (1) is expected at E_{pp} = 0.3 − 0.7 MeV. At E_{pp} < 0.3MeV the cross section becomes smaller due to Coulomb repulsion in the pp-system.

As shown in Refs. [9, 10], [11], the SS mechanism is not important in the pd → dp cross section. The relative role of the SS-mechanism increases in the reaction (1). Nevertheless the SS and Δ-mechanisms do not fill in the remarkable deep minimum of the cross section caused by the ONE mechanism (Fig.3(a)). This minimum can be smeared only at higher relative energies E_{pn} > 5−10 MeV due to contribution of the

2An only exclusion might be the N^�(1535)-isobar strongly coupled to the η�meson which maximal contribution in the reaction (1) is expected at T_0 ¸ 1.6 GeV.

states with nonzero orbital momenta l ≠ 0 in the half-off-shell NN-amplitude [18]. There is a full dominance of the ONE mechanism in the observables at T_0 > 1GeV.

Rescatterings in the initial and final states fill in in part the ONE-minimum of the cross section. Nevertheless, this minimum is visible enough (Fig.3(a)). As shown in Fig.3(b,c), rescatterings produce a remarkable structure both in T^{ONE}_{20} and in the spin-correlation parameter C_{yy} (for the definition see Ref.[26]) in the region of node of the half-off-shell NN-amplitude. We stress that in the nodeless case of the pd → dp process the similar rescatterings do not change practically the tensor analyzing power T^{ONE}_{20} (180^o) [15]. Therefore rescatterings give an additional signal for the presence of the node.

The reaction (1) was not yet investigated experimentally. There is available a rather poor experimental information about the squared amplitude for singlet pair formation |A(p d → (pn)_s p)|^2 obtained in semiinclusive experiments only [2, 21, 27]. The energy resolution in Refs. [2, 27] was not enough high to observe on the basis of relation Eq.(3) the important properties of the breakup p d → (pn)_s p caused by the ONE-mechanism.

In conclusion, we have found that the broad class of the diagrams related to excitation of the nucleon isobars, which are important in the process pd → dp, are diminished by the isotopic spin relations in the singlet channel of the deuteron breakup. As a result the relative contribution of the ONE mechanism increases essentially in the reactions (1) and p d → (pn)_s p. Moreover, the ONE mechanism becomes more interesting in this channel due to suppression of the l ≠ 0-states in the half-off-shell NN-amplitude at low E_{NN} . Rescatterings in the initial and final states do not smear the remarkable minimum of the cross section caused by the node of the t(q, k)-amplitude and display its presence in a specific behaviour of T_{20} and C_{yy}. It allows to obtain from these reactions at T_0 = 0.5 − 3GeV an information about the deuteron wave function u(q) and half-off-shell amplitude of the NN-scattering t_s(q^′, k) in the^1S_0-state at high internal momenta q, q^′ ∼ 0.3 − 0.65GeV/c.

Acknowledgments. Author is thankful to Prof. H. Ströher and Dr. H. Seyfarth for reading manuscript and many fruitful discussions and also to Profs. V.I. Komarov, L.A. Kondratyuk and other members of ANKE-collaboration for interesting remarks. Author is thankful to the direction of the IKP-II KFA for worm hospitality during the visits to Jülich were a part of this work was done. This work was supported by the WTZ grant KAS-001-099.

References

[1] L.S. Azhgirey, V.V. Vichrov, S.A. Zaporozhets et al., Phys.Lett. B 387, 37 (1996).

[2] L.S. Azhgirey, V.V. Vichrov, S.A. Zaporozhets et al., Yad. Fiz. 61, 494 (1998). [3] C.F. Perdrisat, V. Punjabi, Phys. Rev., C 42, 1899 (1990). [4] A.P. Kobushkin, Phys. Lett. B 421, 53 (1998). [5] M.G. Dolidze, G.I. Lykasov, Z.Phys. A 335, 95 (1990).

[6] N.P. Aleshin, S.L. Belostotski, O. O.G. Grebenyuk et al., Nucl. Phys. A 568, 809 (1994); S.L. Belostotski, O.G. Grebenyuk, L.G. Kudin, V.N. Nikulin, A.Boudard, B.Bonin, M.Garcon, R.M. Lombard, B.Mayer, Y.Terrien, M.Boivin, E. Tomasi-Gustafsson, J. Yonett, M.Youn, H.C. Bhang, N.E. Cheung, C.F. Perdrisat, V.Punjabi, J.Ero’, Z.Fodor, P.Koncz, Z.Seres, Phys. Rev. C 56, 50 (1997).

[7] R.Bieber, W. Glóckle, J. Golak et al., Phys. Rev. Lett. 84, 606 (2000). [8] N.S. Craige, C. Wilkin, Nucl.Phys. B 14, 477 (1969); V.M. Kolybasov, N.Ya.

Smorodinskaya, Yad.Fiz. 17, 1211 (1973); A. Nakamura, L. Satta, Nucl.Phys. A 445, 706 (1985).

[9] L.A. Kondratyuk, F.M. Lev, L.V. Shevchenko, Yad. Fiz. 33, 1208 (1981). [10] O. Imambekov, Yu.N. Uzikov, L.V. Schevchenko, Z.Phys. A 332, 349 (1989). [11] Yu.N. Uzikov, Phys. Part. Nucl. 29, 583 (1998).

[12] J. Arvieux, S.D. Baker, R.Beurtey, M. Boivin, J.M. Cameron, T.Hasegava, D.

Hutcheon, J.Banaigs, J.Berger, E.Codino, J. Dufflo, L. Goldzahl, F. Plouin, A. Boudard, G. Gaillard, Nguyin van Sen, Ch.F. Perdrisat, Nucl Phys. A 431, 613 (1984).

[13] L.S. Ahzgirey, E.V. Chernykh, A.P. Kobushkin et al., Plys.Lett. B 391, 22 (1997).

[14] A. Boudard, M. Dillig, Phys. Rev. C 31, 302 (1985).

[15] Yu.N. Uzikov, Phys.At. Nucl. 60, 1603 (1997).

[16] L.P. Kaptari, B. kämpfer, S.M. Dorkin, S.S. Semikh , Phys. Rev. C 57, 1097 (1998); Few. Bod. Syst. 27, 189 (1999).

[17] A. Matsuyama,T.H.Lee, Phys. Rev. C 32, 516 (1985); C 34, 1900, (1986); T.H.

Lee, in: Proc. 7th Conf. Mesons and Light Nuclei’98 (31 August -4 September, 1998, Prague, Chech Republic) Eds. J Adam et al. World Scientific, 1999, p.379.

[18] A.V. Smirnov, Yu.N. Uzikov, Phys. At. Nucl. 61, 361 (1998). [19] O. Imambekov, Yu.N.Uzikov, Sov. J. Nucl. Phys. 52, 862 (1990). [20] O. Imambekov, Yu.N. Uzikov, Izv. AN SSSR, ser.fiz. 51, 947 (1987). [21] A. Boudard, G. Fäldt, C. Wilkin, Phys. Lett. B 389, 440 (1996). [22] J.C. Anjos, A. Santoro, F.R.A. Simao, D. Levy, Nucl.Phys. A 356, 383 (1981). [23] D.Albrecht, M. Csatlos, J.Erë et al., Nucl. Phys. A 338, 477 (1980). [24] L.D. Blokhintsev, A.V.Lado, Yu.N. Uzikov, Nucl.Phys. A597, 487 (1996);

Yu.N. Uzikov, Nucl.Phys. A 644, 321 (1998).

[25] M.Bouwhuis, R.Alarcon, T. Botto et al., Phys.Rev.Lett. 82, 3755 (1999). [26] G.Ohlsen, Rep. Prog. Phys. 35, 17 (1972). [27] A.Boudard, These. CEA-N-2386, Scalay, 1984.