ISSN1330–0016 CODEN FIZBE7

LOOKING AT CLOSE NUCLEONS IN NUCLEI WITH HIGH–ENERGY PROBES

ELI PIASETZKY

School of Physics and Astronomy, Sackler Faculty of Exact Sciences Tel Aviv University, Tel Aviv 69978, Israel E-mail: EIP@TAUPHY.TAU.AC.IL

Received 29 December 1998; Accepted 19 July 1999

Recently, we measured the reaction^{12}C(p,2p+n) and studied the correlation between the momenta of the struck target proton and the backward recoil neutron. We intend to continue this line of research and to measure the C(e,e’p+N) reaction at TJNAF (approved experiment E97-106). Two permanent magnetic spectrometers will be used to measure the (e,e’p) part of the reaction. We plan to add a third arm, consisting of a series of scintillation counters, to measure neutrons and protons in coincidence with the outgoing high momentum electron and proton. We choose kinematical conditions that will allow us to determine the fraction of (e,e’p) events which are associated with NN short-range correlations, as a function of the momentum of the proton in the nucleus. It will also allow us to compare between pn and pp correlated pairs in nuclei.

PACS numbers: 21.60.-n, 25.20.Dc UDC 539.126

Keywords: nucleon-nucleon correlation, short-range correlation in nuclei, knockout reactions, high-momentum transfer reactions

1. Introduction

The importance of nucleon-nucleon correlations has been recognized for many years [1]. In recent years, much attention has been paid to the role that two-nucleon correlations play in nuclei. Large high-momentum tails in the nuclear spectral function were calculated with realistic potentials of two-and three-body interactions. A significant probability of NN correlations was predicted for light nuclei [2] for nuclear matter [3] and for an interpolation between them [4]. The field has been reviewed recently by Pandharipande et al. [5].

We will mention some experiments that addressed this issue. We will classify them by order of complexity, and by the kinematical parameters of the measurement. There are inclusive (e,e’) experiments [6] at high-momentum transfers and x > 1. They obtained the momentum distribution of the nucleons in the nucleus in terms of the y-scaling variable. Relatively large high-momentum tails are observed. Theoretical models try to explain this by invoking short-range correlations (SRC) [7]. Others [8] explained the results in terms of final-state interactions (FSI).

There are (e,e’) measurements in the ”dip” region, between the quasi-elastic (QE) peak and the delta region, at x ≤ 1 which show an anomalously large transverse cross section. This has been cited as evidence for NN correlations (Refs. 9 and 10, and references in Ref. 10).

In the next order of complexity, we mention the semi-exclusive (e,ep) experiments at small values of Q^2 and x ≤ 1 [11]. One observes a depletion of spectroscopic strength which may be explained by nuclear correlations which push the nucleons to higher momentum states and high missing energies and are thus not visible at low momenta and low excitation energies [10]. The depletion can be as large as 35% [5]. Other (e,e’p) experiments [12], also at x < 1, show peaks at missing energies corresponding to the removal of two nucleons. There are two-nucleon knockout reactions (e,ed), (e,epp) and (e,epn) [13] and real photon absorption (γ,2N) [14]. In the above experiments, the knocked out proton was detected in the forward direction relative to the photon momentum.

There are measurements of backward scattered protons from a variety of projectiles [15] as well as (e,e’p) experiments at x ≤ 1 [16] and deep inelastic (ν,μp) [17] scattering where backward going protons were observed in coincidence with a forward going particle, electron and muon, respectively. Correlations were claimed between the transferred energy and the momenta of the backward going protons. There is also evidence from pion absorption experiments [18] which have to take place on (at least) a couple of nucleons.

Last but not least, we mention the reaction C(p,2p+n) that was measured by us at beam momenta of 5.9 and 7.5 (GeV/c)^2 [19]. We established the quasielastic character of the reaction in a kinematically complete measurement [20]. The neutron momentum was measured in triple coincidence with the two emerging highenergy protons. We found a correlation between the momenta of the neutron and the struck target proton. The events were associated with the high-momentum components of the nuclear wave function.

2. Proposed measurement at TJNAF

Based on our results from the (p,2p+n) reaction, we are encouraged to embark on a similar project with the electron probe. Hopefully, with those measurements, together with the data we wish to collect at TJNAF, we will be able to establish a unified description of SRC in nuclei.

In many aspects, the electron-nucleus interaction is better understood than the nucleon-nucleus interaction. The proposed experiment will be significantly more precise in determining the quasi-elastic nature of the reaction and will have much better statistics than the experiment at BNL. There are several excellent setups at the laboratory for measuring (e,e’p) scattering. For our main effort, we plan to add a third arm consisting of a series of counters to measure neutrons and protons in coincidence with the outgoing high-momentum electron and proton. Just as for the (p,2p+n) reaction, we will measure the full kinematics of the (e,e’p) reaction, but with much higher accuracy made possible by the TJNAF facilities. We can then extract the momentum of the struck proton. We will also measure the momentum and direction of an additional neutron or proton in coincidence with the outgoing e and p. This will allow us to measure the fraction of (e,e’p) events in which NN correlated nucleons are observed, as a function of the initial momentum of the proton in the nucleus. It will also allow us to compare between pn and pp correlated pairs in nuclei. We could not measure that ratio in the (p,2p+p) experiment because the targets were too thick and the low energy proton would loose a large amount of energy on its way out.

We will choose kinematical setups that select scattering from protons above the Fermi sea (p_m > k_F ). We will use electron beams of 4 GeV (and above, if available), large momentum transfers in the region of Q^2 = 2−3 (GeV/c)^2 and missing energy in the region of E_m = p^2_m/2m. These conditions will minimize the contributions from FSI and meson exchange currents (MEC).

Why measure both neutrons and protons in the third arm? It is clear that one of the real exciting aspects of studying NN SRC is to understand it’s isospin dependence. There are data on (γ,pp) and (γ,pn) [14] and the ratio between the two cross sections. However, the measurements with real photons measure only the transverse amplitudes, whereas with virtual photons one can study the longitudinal amplitude as well (depending on the electron scattering angle). Also, FSI may play a significant role in those data. Thus, the ratio between the SRC np and pp pair contributions is not well known and is one of the expected outcomes of the proposed measurement.

3. Description of the (e,ep+N) reaction

The cross section for the reaction when a proton is knocked out of the nucleus and a spectator nucleon in the final state is detected in coincidence with the scattered electron and proton, can be represented within the plane-wave impulse approximation, as follows: dσ dE^′dΩ_ed^3(p_f /E_f )(d^3p_s/Es)

= K_dσ_{ep}(Q^2, ϵ, E_m, p_m) · D(E_m, ⃗p_m, ⃗p_s). (1)

The decay function D represents the joint probability to find inside the nucleus a nucleon with missing momentum p_m and missing energy E_m and where the residual nuclear state contains the spectator nucleon with momentum ⃗p_s. Any fourmomentum k can be represented as k ≡ k(k_+, k_− , k_t) where k_± = k_0 ± k_z, and the z and t components are defined along the direction and perpendicular to the direction of the transfered momentum (virtual photon momentum) ⃗q, respectively.

Using the above definitions, we introduce the light-cone components of the missing momenta as p_{m+} ≡ p_{f+} −q_+ = m−E_m +p_{mz} and p_{m−} = p_{f−} −q_− = m−E_m −p_{mz}. With the light-cone momenta p_{m±} , p_{s±} representation, we write: dσ dE^′dΩ_ed^3(p_f /E_f )(d^3p_s/Es)

= K_dσ_{ep}(Q^2, ϵ, p_{m+}, p_{m−} )·D(p_{m+}, p_{m−} , ⃗p_{mt}, p_{s−} , ⃗p_{st}). (2) where K_d is the kinematic factor, ϵ = [1+2(q^2/Q^2) tan^2(θ_e/2)]^{−1} and σ_{ep} describes the electron scattering on an off-shell proton.

The decay function is related to the spectral function of (e,e’p) reaction in the following way: ∫

D(E_m, ⃗p_m, ⃗p_s)d^3p_s = S(E_m, ⃗p_m) (3)

or ∫ D(p_{m+}, p_{m−} , ⃗p_{mt}, p_{s−} , ⃗p_{st})d^2p_{st}dp_{s−} = S(p_{m+}, p_{m−} , ⃗p_{mt}) . (4)

The decay function defines the quantities which can be studied experimentally by a triple coincidence measurement.

Fig. 1. Diagram for the quasi-elastic breakup reaction of a pair at rest in the nucleus. The kinematical variables are defined in the text.

Figure 1 shows the dominant process we wish to look for and defines the kinematical variables. We discuss the quasi-free break-up reaction of the pair at rest and we denote the pair, at rest in the nucleus, as d (deuteron):

e + d → e’ + p + n . (5)

The kinematical conditions of the quasi-elastic reaction sets:

(q + p_d − p_f )^2 = m^2 , (6) where q = (q_0, ⃗q), p_d = (m_d,⃗0) and p_f = (E_f , ⃗p_f ) are the four-momenta of the transfered momentum, the target pair and the detected final nucleon, respectively. From the (e,e’) information, we determine the missing momentum as ⃗p_m = ⃗p_f − ⃗q and the missing energy as E_m = q_0 − (E_f − m). From Eq. (6), we obtain the following relation between missing momentum and energy:

E_m = √ m^2 + p^2_m + m − m_D ≈ p^2_m 2m . (7)

Thus in the breakup of a pair, there is a strong correlation between the measured missing momentum p_m and the missing energy E_m.

In terms of the decay function, we concentrate on:

D(E_m = p^2_m/2m, p_m > k_F , ⃗p_s = ⃗−p_m) . (8)

4. Suppression of competing events

The interpretation of existing low-energy electron-scattering data in terms of SRC has been plagued by contributions from meson exchange currents and finalstate interactions whose importance depends on the transfered momentum and kinematical conditions. We choose the kinematics that minimize these effects. We discuss the relation of high-momentum transfer to FSI effects and the conditions for which the FSI are well understood. In addition, the use of light-cone kinematical variables will be introduced which facilitates the conservation of variables which are important for the extraction of the initial momentum of the correlated nucleon pair. In this section, we also discuss in detail the competing effects which can mask the SRC signal and how we intend to deal with them.

Final state interactions (FSI) can mimic NN SRC event. This can happen if one of the outgoing protons scatters elastically from a neutron in the same nucleus at an angle such that the recoil neutron enters the neutron counters. In this case, the actual momentum (p̃_m) that the proton had before scattering from the electron is not what we are measuring ⃗p_m = ⃗p_f −⃗q. As a result, one cannot be certain that the condition p_m ≥ k_F , really probes the high-momentum components in the nuclear ground state wave function. It will also smear the correlation between the neutron and the target proton momenta.

An important feature of the kinematics we are considering (large Q^2, p_f ≥ 1 GeV/c) is the applicability of the eikonal appoximation for the rescattering. It means that small-angle rescattering of GeV nucleons causes mainly transfer of momentum in the plane transverse to the direction of their high momentum (see Ref. 23). This allows us to control, to some extent, the amount of FSI by selecting the angle between the target proton momentum and the incident virtual photon ⃗q.

The best geometry for the suppression of FSI would be the parallel kinematics (see Fig. 2c). The large p_m and large q combine to a very large p_f which cannot be mimicked by FSI. Unfortunately, this geometry has some disadvantage. The large p_m and large q create a low x which entails contamination from resonance production.

Fig. 2 Relative geometry between the target proton momentum and the incident virtual photon momentum ⃗q. a,b - perpendicular, c - parallel, d - antiparallel, e - ‘almost anti-parallel’.

In view of the above, we chose kinematics which we call ’almost anti-parallel’ (see Fig. 2e) in which we look at high-momentum target protons (300-500 MeV/c) that are almost anti-parallel to the ⃗q direction (x > 1). If they are fully correlated with another spectator nucleon and the pair is at rest, the spectator will be ejected at about 90 deg to the beam. This specific kinematical setup is a good compromise between the singles rates in the neutron counters and the suppression of FSI.

For light nuclei, A ≤ 16, calculations of FSI diagrams within the generalized eikonal approximation in Ref. 25 shows that in addition to x > 1, the condition:

|p_{mz} + q_0 q E_m| ≥ k_F (9)

will confine the rescattering with another nucleon to within short range. As a result, the FSI will take place mainly with the nearby partner nucleon in the correlation. Thus, it will not spoil the SRC characteristics of the process.

In addition, we will use light-cone variables for the analysis of the data, because they are less sensitive to FSI effects, as follows. With the light-cone momenta p_{m±} , p_{s±} the cross section of the reaction was given in Eq. (2). In our case, the specific decay function we wish to measure is:

D(p_{m−} ≈ 2m − p_{s−} , p_{m+} ≈ (m^2 + p_{ts}^2/(2m − p_{s−} ), ⃗p_{tm} ≈ −⃗p_{ts}) . (10)

The advantage of describing high-energy transfer reactions (q ≥ 1 GeV/c) with light-cone variables lies in the fact that, while E_m and ⃗p_m change due to FSI, the combination of p_m and E_m in the form of the p_{m−} (or α = p_{m−} /m) survives the FSI [24,25]. The accuracy of the conservation of p_{m−} is given by [26]:

p̃_{m−} − p_{m−} ≈

Q^2 2q^2

E_m, (11)

where the p̃_{m−} is the corresponding momentum of the target nucleon before the interaction. It follows from this equation that the conservation of p_{m−} improves with increasing energy.

It is difficult to isolate the effects due to nucleons at close proximity from those caused by NN effects such as meson exchange currents, isobaric currents and other long-range correlations. Also, final-state interactions can mimic large nucleon momenta and the signature for SRC. High Q^2 is the best way to select the SRC. The sensitivity to short ranges increases as the virtuality of the photon increases. Competing two-body effects diminish as 1/Q^2 and are also reduced for x > 1 (see Ref. 26). The FSI become less important at high Q^2 and become easier to deal with by using light-cone variables. For quasi-elastic scattering the knocked out proton moves in the forward direction with high energy and the eikonal approximation can be used in the calculations. Also, the high energy of that proton makes it easy to distinguish it from the spectator correlated hadron.

Both the x < 1 (parallel geometry) and x > 1 (anti-parallel geometry) regions provide large values for the initial momentum of the interacting nucleon. In order to achieve some large target nucleon momentum, a larger Q^2 is needed for the x > 1 region. This was the reason why low-energy experiments mainly explored the x < 1 region. However, all experiments in the region of x < 1 have the disadvantage of being near the inelastic threshold for pion production. This situation becomes more acute with increasing energy transfer. For example, for nuclei with A ≥ 12−16, the broad Fermi distribution causes the inelastic contribution to be as high as 40% of the (e,e’) cross section at Q^2 = 2 (GeV/c)^2, even at x ≈ 1 [7,27]. The good missing energy resolution and the exclusiveness,i.e. the measurement of the momentum of the recoil nucleon in triple coincidence will allow, in the proposed experiment, to avoid backgrounds such as pion production above and below threshold, which could contribute to double coincidence (e,ep) measurements. All this leads to an exclusive measurement of three particles in coincidence in a region of high energy, high Q^2 and x > 1. We choose to pay the price of the small cross section at x > 1 in order to decrease contributions from resonance effects. We propose to do the measurement at Q^2 = 2 (GeV/c)^2 with enough statistics for exploring the tail up to 600 MeV/c. We also plan to make a measurement at Q^2 = 2.7 (GeV/c)^2 to check the scaling and make sure that we really have the assumed QE behavior. This check at a second Q^2 value is important since it is required to ensure the ’FSI and MEC free situation’. This way can we check the quasi-elastic nature of the reaction by verifying that the cross sections scale as the known free cross sections.

5. Conclusions

This paper presents an exploratory measurement proposed to TJNAF to probe the short-range structure of nuclei using high-energy electron beams and the triple coincidence large-momentum transfer (e,epN) reaction. The kinematics, high x and Q^2, were carefully chosen to minimize contributions of FSI and MEC. Measuring simultaniously the knocked out nucleon and the correlated recoil one is a new step that will allow to suppress and understand the background contributions as well as focus on the relevant events. Within the optimized kinematical conditions, we think that we will be able to determine the fraction of (e,ep) events which are associated with NN short range correlations, as a function of the momentum of the proton in the nucleus. It will also allow us to study and compare the short-range np and pp pairs in nuclei. This together with new data obtained at BNL will establish a unified description of short-range two-nucleon correlation in nuclei.

References

1) A. De Shalit and H. Feshbach, Theoretical Nuclear Physics, J. Wiley, New York (1974);

2) C. Ciofi degli Atti, E. Pace and G. Salme, Phys. Rev. C 21 (1980) 805;

3) O. Benhar, A. Fabrocini and S. Fantoni, Nucl. Phys. A 505 (1989) 267;

4) C. Ciofi degli Atti, L. Frankfurt, S. Simula and M. Strikman, Phys. Rev. C 44 (1991) 7; 5) V. Pandharipande, I. Sick and P. K. A. de Witt Huberts, Rev. Mod. Phys. 69 (1997) 981;

6) D. B. Day et al., Phys. Rev. Lett. 59 (1987) 427; D. Potterveld, Proceedings PANIC 1996 p. 155;

7) L. L. Frankfurt, M. I. Strikman, D. B. Day and M. M. Sargsyan, Phys. Rev. C 48 (1993) 2451;

8) O. Benhar et al. Phys. Rev. C 47 (1993) 2218;

9) J. S. O’Connell et al., Phys. Rev. Lett. 53 (1984) 1627; Phys. Rev. C 35 (1987) 1053;

10) W. Bertozzi, R. W. Lourie and E. J. Moniz, in Modern Topics in Electron Scattering, B. Frois and I. Sick, eds., World Scientific, Singapore (1991);

11) P. E. Ulmer et al., Phys. Rev. Lett. 59 (1987) 1159; J. Koch and N. Ohtsuka, Nucl.

Phys. A 435 (1985) 765; G. van der Steenhoven et al., Nucl. Phys. A 484 (1988) 445;

12) J. M. Le Goff et al., Phys. Rev. C 50 (1994) 2278; C. Marchand et al., Phys. Rev.

Lett. 60 (1988) 1703; J. J. van Leeuwe et al., 15th International Conference on Few- Body Problems in Physics (FB 97), Groeningen, Netherlands, 22-26 July 1997; nuclex/9709007.

13) C. J. G. Onderwater et al., Phys. Rev. Lett. 78 (1997) 4893; L. J. H. M. Kester et al., Phys. Rev. Lett. 74 (1995) 1712; R. Ent et al., Phys. Rev. Lett. 62 (1989) 24; A. Zondervan et al., Nucl. Phys. A 587 (1995) 697;

14) J. Arends et al., Z. Physik A 298 (1980) 103; M. Kanazawa et al., Phys. Rev. C35 (1987) 1828;

15) Yu D. Bayukov et al., Sov. J. Nucl. Phys. 42 (1985) 116, and 238; Sov. J. Nucl. Phys.

34 (1981) 437;

16) K. Egiyan et al., submitted to Physics of Atomic nuclei, 1997; 17) E. Matsinos et al., Z. Phys. C 44 (1989) 79;

18) D. Ashery and J. P. Schiffer, Ann. Rev. Part. Sci. 36 (1986) 207; 19) J. Aclander et al., A direct measurement of short range NN correlations in nuclei via the reaction^{12}C(p,2p+n)., submitted to Phys. Lett.

20) Y. Mardor et al., Phys. Lett. B 437 (1998) 257;

21) E. Piasetzky, W. Bertozzi, J. Watson and S. Wood (spokespersons)., Studying the internal small-distance structure of nuclei via the triple coincidence (e,e’p+N) measurement., Experiment 97-106, Proposal to Jefferson Laboratory, 1997 (unpublished);

22) L. L. Frankfurt and M. I. Strikman, Phys. Rep. 76 (1981) 214; ibid 160 (1988) 235; 23) R. J. Glauber, in Lectures in Theoretical Physics, edited by W. Brittain and L. G. Dunham, Wiley Interscience, New York, Vol.1 (1959); E.J. Moniz and G.D. Nixon, Annals of Physics 67 (1971) 58; D. R. Yennie in Hadronic Interactions of Electrons and Photons, ed. J. Cummings and D. Osborn, 321 (1971);

24) L. L. Frankfurt, W. G. Greenberg, J. A. Miller, M. M. Sargsyan and M. I. Strikman, Z. Phys. A 352 (1995) 97;

25) L. L. Frankfurt, M. M. Sargsyan and M. I. Strikman, Phys. Rev. C 56 (1997) 1124; 26) R. G. Arnold et al., Phys. Rev. C 42 (1990) R1; J. M. Laget, Phys. Lett. B 199 (1987) 493;

27) D. Day and B. Filippone (spokespersons), CEBAF proposal E-89-008.

PROMATRANJE BLIZIH NUKLEONA U JEZGRAMA VISOKOENERGIJSKIM PROBAMA

Nedavno smo mjerili reakciju^{12}C(p,2p+n) i proučavali korelacije med–u impulsima udarenog protona u meti i unatrag odbijenog neutrona. Ta ćemo istraživanja nastaviti mjerenjima reakcije C(e,e’p+N) u TJNAF (odobreno mjerenje E97-106). Rabit će se dva spektrometra s trajnim magnetima za mjerenje dijela reakcije (e,e’p). Predvid–a se treća mjerna grana s nizom scintilacijskih detektora radi sudesnog mjerenja neutrona i protona s izlaznim elektronom i protonom velikih impulsa. Odabiru se kinematički uvjeti koji dozvoljavaju odred–ivanje udjela (e,e’p) dogod–aja u svezi s kratkodosežnim NN korelacijama u jezgri u ovisnosti o impulsu protona u jezgri. To će omogućiti i usporedbu koreliranih parova pn i pp u jezgrama.