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Surface localization of the dineutron in 11

The formation of a dineutron in the nucleus 11 Li is found to be localized to the surface region.

The experiment measured the intrinsic momentum of the struck neutron in 11 Li via the (p, pn) knockout reaction at 246 MeV/nucleon. The correlation angle between the two neutrons is, for the first time, measured as a function of the intrinsic neutron momentum. A comparison with reaction calculations reveals the localization of the dineutron at r ∼ 3.6 fm. The results also support the density dependence of dineutron formation as deduced from Hartree-Fock-Bogoliubov calculations for nuclear matter.

The structures of fermionic many-body systems are often characterized by two-particle correlations [1,2]. In nuclei, Bardeen-Cooper-Schrieffer-(BCS)-like pairings between two nucleons are known to stabilize nuclei similar to the behavior in superconducting materials [3].

On the other hand, a completely different type of two-neutron correlation, dineutron correlation, has attracted much attention in nuclear physics and other relevant fields [4]. In the 1970's, A. B. Migdal postulated the dineutron as a spatially compact two-neutron pair [5].

Behind the formation of a dineutron, quantum interference between odd and even parity orbits plays a crucial role [6]. The appearance of the dineutron correlation is presumed to be a key ingredient to elucidate the stabilities and exotic structures of nuclei near and beyond the neutron drip-line nuclei [7].

The dineutron correlation in a finite nuclear system may provide insight into dilute neutron-rich matter found in the inner crust of neutron stars. Recently, Hartree-Fock-Bogoliubov calculations predicted that the correlation length of two neutron pairs drastically changes with the matter density. Consequently, the dineutron correlation should appear below the saturation density ρ 0 of 10 -4 ρ/ρ 0 0.5 [8]. Hence, laboratories studies on finite nuclei should elucidate information about the existence and properties of dineutrons.

Studies on the formation and the density dependence of 11 Li as well as 6 He [9][10][11] are crucial because 11 Li has a peculiar structure, which is known as the halo. That is, the matter density gradually varies from the saturated core to the very low-density tail where only valence neutrons exist. If the spatial distribution of the dineutron can be experimentally determined, the density-dependent properties of dineutron may be revealed.

Many studies have examined the dineutron correlation in 11 Li using the transfer [12] or the Coulomb breakup reactions [13][14][15]. One pioneering study measured the electric dipole (E1) response of 11 Li using the Coulomb breakup reaction [16][17][18]. The E1 cluster sum rule value is directly related to the opening angle θ 12 of the two valence neutrons with respect to the core [4]. In the absence of a correlation, the θ 12 value is 90 • and it becomes smaller as the dineutron correlation becomes stronger. Hence, θ 12 , which can be determined by the E1 cluster sum rule value, provides a good measure of the dineutron correlation strength.

A latest result from RIKEN [18] showed that the E1 strength for 11 Li integrated over the relative energy region of E rel ≤ 3 MeV is consistent with θ 12 = 48 +14 -18 degrees, indicating that 11 Li has a strong dineutron correlation. Recent theoretical works have reevaluated the opening angle from the same data, and extracted larger values by including the excitation of the 9 Li core [19], the distance between the 9 Li core and a halo neutron [20], and the effect of the final state interaction (FSI) on the B(E1) distribution [21].

In addition, the dineutron correlation has been investigated by measuring the charge radius [22,23]. 11 Li has a larger charge radius than the 9 Li, indicating the two halo neutrons in 11 Li are distributed on one side forming the compact dineutron and not distributed symmetrically.

The above two methods average dineutron information over the whole volume of the nucleus. Therefore, neither the location nor the density dependence of the dineutron formation can be determined. However, the spatial distribution of the dineutron can be investigated by the neutron knock-out reaction. The missing momentum, which is the momentum of the knock-out neutron in the 11 Li nucleus, can be determined experimentally assuming the impulse approximation. Then the spatial distribution of the dineutron can be interpreted through the Fourier transformation.

The neutron knock-out reaction was pioneered in experiments at GSI Helmholtz Centre for Heavy Ion Research (GSI) at a high energy (300 MeV/nucleon) with a carbon target [24,25]. The correlation angle between the valence neutrons θ nf is defined for momentum space in the so-called Y-type Jacobi coordinates [START_REF] Betounes | Differential Equations: Theory and Applications[END_REF]. Schematic diagram of θ nf , which is comparable with 180 • -θ 12 , is shown later in the inset of Fig. 4. Thus, the spatially compact dineutron should show an angle greater than 90 • . Indeed, the GSI experiment exhibited an enhancement at θ nf > 90 • , providing evidence for the existence of the dineutron in 11 Li. Another study constructed an analytical wave function to reproduce these data, and from the wave function, the averaged opening angle θ 12 was deduced to be 61.7 • for the J = 0 pair [START_REF] Shulgina | [END_REF]. This result is consistent with the reevaluated results [20,28,29] of the E1 measurement [18]. Although the GSI experiment also showed that the slope of the cos θ nf distribution depends on the relative energy of 10 Li ( 9 Li-n) [25], the dependence was not discussed in detail.

Here, we report the kinematically complete measurement of 11 Li(p, pn) 10 Li in inverse kinematics with an unprecedentedly high statistics at 246 MeV/nucleon. The nucleon target allows the whole volume of 11 Li to be probed with the least effect of the absorption [30]. In addition, the flexibility in kinematics can realize the quasi-free condition where the knockout neutron is free from the FSI from 10 Li. Thus, the initial momentum of the neutron before the knock-out can be derived from the measured momenta of the recoil proton and knock-out neutron [31]. This measurement was made possible due to the unique combination of a highly-intense 11 Li beam at the RI Beam Factory (RIBF) at RIKEN and a thick liquid hydrogen target MINOS device [32,33].

The experiment was performed at RIBF, which is operated by RIKEN Nishina Center and the Center for Nuclear Study, The University of Tokyo. A 11 Li secondary beam was produced as a cocktail beam, which included 14 Be and 17 B, through a projectile fragmentation reaction from a 48 Ca beam at 345 MeV/nucleon bombarding 9 Be as the primary target.

The averaged beam intensity on the target was 400 pnA. The secondary beam was selected and purified using the BigRIPS fragment separator [34]. The average 11 Li beam energy was 246 MeV/nucleon and the typical intensity was 1 × 10 5 particles per second with a purity of 70%. 11 Li beam particles were identified on an event-by-event basis.

Figure 1 shows the main elements of the experimental setup around the secondary target.

The same setup was used in Ref. [35]. To achieve a high luminosity without degrading the resolution, the MINOS device, which was composed of a 15-cm-thick liquid hydrogen target coupled to a cylindrical time projection chamber (TPC) to determine the reaction vertex [36], was installed. The reaction vertex in the target was determined with an uncertainty of 6 mm at the full width at half maximum (FWHM) using a combination of the trajectory information of the incident 11 Li beam and the recoil proton.

After a (p, pn) reaction, the target proton (recoil proton) and one of the valence neutrons of 11 Li (knock-out neutron) were scattered at large polar angles centered at approximately 45 • . Then a recoil particle detector (RPD) was installed on the right-hand side of the beam line to detect the recoil proton scattered to θ p = 30-65 • in the laboratory frame. A large momentum transfer of > 1.5 fm -1 , which is much larger than the typical two-neutron momentum in 11 Li of 0.1 fm -1 [12], was selected to ensure a clean quasi-free knock-out reaction condition. The RPD was composed of a multi-wire drift chamber and a plastic scintillator hodoscope, which measured the scattering angle and the time of flight, respectively. The momentum vector of the recoil proton at the reaction vertex was reconstructed by considering the energy loss. The neutron detector array WINDS [37] was installed on the left-hand side of the beam line (-60 • < θ n < -25 • ). WINDS measured the scattering angle and the time of flight of the knock-out neutron. An unbound reaction residue 10 Li was emitted in the very forward direction but immediately decayed into the heavy fragment 9 Li and another neutron. These momenta were analyzed by a SAMURAI spectrometer [START_REF] Kobayashi | {XVIth} International Conference on ElectroMagnetic Isotope Separators and Techniques Related to their Applications[END_REF][START_REF] Shimizu | {XVIth} International Conference on ElectroMagnetic Isotope Separators and Techniques Related to their Applications[END_REF] and a neutron detector array NEBULA [START_REF] Nakamura | proceedings of the {XVIIth} International Conference on Electromagnetic Isotope Separators and Related Topics (EMIS2015)[END_REF], respectively.

The reaction channel of 11 Li(p, pn) 10 Li * → 9 Li+n was identified by detecting all particles in the final state. The missing momentum k, which is the initial momentum vector of the knock-out neutron in the beam rest frame, is derived as

k := k n1 = k ′ n1 + k ′ p -k p , (1) 
where k i and k ′ i represent the momentum vectors of particle i [n1: knock-out neutron, p: target (recoil) proton] in the initial and final states, respectively. Following Refs. [24,25], the correlation angle θ nf is defined as

cos θ nf = K ′ • k |K ′ ||k| , (2) 
K ′ = k ′ n2 -k ′ f , (3) 
where k ′ n2 and k ′ f represent the momentum vectors of the decay neutron and the heavy fragment 9 Li, respectively.

The relative energy E rel was obtained by subtracting the sum of the decay neutron and the heavy fragment 9 Li masses from the invariant mass of 10 Li.

The acceptance and efficiency of the setup were evaluated by Geant4 [START_REF] Agostinelli | [END_REF]42] simulations.

The overall acceptance is 0.6%, which is limited mainly by the azimuthal angle coverage of RPD and WINDS. The average resolutions on the missing momentum k and the correlation angle θ nf are 0.17 fm -1 (FWHM) and 12 • (FWHM), respectively.

Figure 2 shows the cross section as a function of k for three different ranges of the relative energy E rel . The theoretical curves show that the calculated distribution shapes for different angular momentum components are quite distinct. Hence, the calculations according to the distorted-wave impulse approximation (DWIA) [30] can be fitted to the measured k distribution to determine each multipole component. Table I summarizes the two-neutron configurations of (1s) 2 , (0p) 2 , and (0d) 2 considered for the fitting and their integrated fractions. Including the contributions from f -and higher orbits did not change the fitting result.

The fitting was performed for each 9 Li+n relative energy bin. Figures 2(a The red, green, and blue curves in Fig. 2(c) are the fitted results for the 1s, 0p, and 0d components, respectively. Assuming the J = 0 pair of two valence neutrons, the integrated fractions of the two-neutron configurations (1s) 2 , (0p) 2 , and (0d) 2 are 35 ± 4%, 59 ± 1%, and 6 ± 4%, respectively. The error is attributed to the limited information on the 9 Li-n optical potential at energies above 100 MeV. Our results confirm comparable contributions from s 2 and p 2 , which are accompanied with a small d 2 contribution. Table I compares the values in this study to those from previous experimental and theoretical results.

To simplify the argument, here, we concentrate on the ratio of the s 2 and p 2 components. The s/p ratio is 0.59, which is consistent with the analysis using the multi-step transfer calculation of the 11 Li(p, t) measurement at 3 MeV/nucleon [45]. a larger s/p value of ≥ 1.3 has been reported for 11 Li(p, d) measured at 6 MeV/nucleon [44]. However, the s-wave fraction was not directly determined from the experimental data, and the estimate may have a large uncertainty. The knock-out measurement with a carbon target at 260 MeV/nucleon shows s/p ∼ 1 [25] but with the error is on the order 40%. This is marginally consistent with the present result of 0.59 within a 1σ variation. However, it should be noted that the strong peripherality of the heavy-ion-induced knock-out reaction employed in Ref. [25] may underestimate the p-wave, which has a larger fraction in the inner part of 11 s-wave. This may overestimate the s/p ratio. The effects of the different peripheralities in the (p, pn) and the heavy-ion-induced knock-out reactions will be discussed later.

The experimental s/p ratio was compared to the theoretical calculations. A three-body model calculation with a density dependent force predicts an s/p ratio of less than 0.7 [46].

Although the s-wave fraction was not explicitly shown, the result is consistent with the present result. The tensor-optimized shell model, which considers the tensor and pairing correlations in the 9 Li core, predicts an s/p ratio of 0.9-1.1 [19,[START_REF] Ikeda | Clusters in nuclei[END_REF]. Applying the transferto-the-continuum reaction framework to the 11 Li(p, pn) data [49] gives an s/p ratio as large as 2.2 [START_REF] Gómez-Ramos | [END_REF]. The reason that the s/p ratio differs among theoretical models is a topic for future studies. at k ∼ 0.3 fm -1 . The correlation angle of 103.4 ± 2.1 • obtained with the knock-out reaction by a carbon target [24] was averaged over the whole momentum range. However, it is even larger than the maximum θ nf value in the present work. This discrepancy may be due to the different peripheralities of the probes. The carbon target used in Ref. [24] selectively probed the surface of 11 Li, where the dineutron correlation is favored. Theoretical models of the knock-out process, including the probe transparency, should realize a quantitative comparison of these results.

The mean correlation angle θ nf decreases at smaller and larger k values. It crosses 90 • at k ∼ 0.6 fm -1 , suggesting that the dineutron is not present in the tail of the halo or in the inner part of 11 Li. The increase of the θ nf value in the limited region may be a signature of radial localization of the dineutron in 11 Li around the 9 Li core. With the help of the quasi-free model described below, the peak structure of θ nf at k ∼ 0.3 fm -1 can be interpreted as the dineutron correlation, which is maximized at r ∼ 3.6 fm from the center of the 9 Li core. This is consistent with the three-body model calculation that includes many-body correlations [50] where the root-mean-square radius between two neutron in 11 Li takes a minimum at r ∼ 3.2 fm.

The quasi-free model, which consists of a combination of the 9 Li+n+n three-body model and the knock-out reaction model in Ref. [30], well reproduces the obtained k-dependence of the correlation angle. The three-body model considered the contributions from the excited 9 Li core via the coupled-channel calculation [19]. The folding potential of the effective N N potential with the 9 Li core density was used for the 9 Li-n interaction and its parameter was modified to reproduce the observed two-neutron separation energy. For the n-n interaction, the realistic Argonne v8 ′ force [51] was used. To describe the knock-out process, the final scattering states were approximated with the products of the plane wave of the knockout neutron and the remaining 9 Li + n system. The FSI in the 10 Li resonance was also taken into account [30]. The absorption effect by the proton target was considered in a manner similar to that in Ref. [30] except that the same function form of the damping factor and its parameters were modified to reproduce the observed value of θ nf in this experiment since the optical potential between 9 Li and the proton target is unknown. The successful reproduction of the experimental data with the reaction model highlights the simple mechanism of the quasi-free (p, pn) reaction, which enables the radial-dependent properties of dineutron in nuclei to be extracted.

It is interesting to compare the results with the theoretical predictions on the dineutron correlation in infinite nuclear matter. The present analysis implies that the dineutron correlation is prominent only around the 9 Li core surface where the density is 10 -3 ρ/ρ 0 10 -2 , and it becomes weaker at the tail of the halo where the density is extremely low. Hartree-Fock-Bogoliubov calculations [8] predict a similar density dependence as the dineutron develops in a density region of 10 -4 ρ/ρ 0 0.5 and vanishes at lower and higher densities.

If this is a universal characteristic of the dineutron correlation, it should exist at the lowdensity surface of any neutron-rich nuclei. Actually, the three-body model calculation [50] predicts that the dineutron is formed in a limited region around the surface of 6 He, 16 C, and 24 O. Future (p, pn) experiments should reveal the nature of the dineutron correlation in these nuclei.

In summary, herein the dineutron correlation in 11 Li was investigated via the quasi-free (p, pn) knock-out reaction. High-statistics data were acquired using the high-intensity 11 Li beam at the RIBF and the MINOS device, enabling a detailed analysis of the 11 Li structure.

The fraction of each two-neutron configurations is determined as 35±4% (1s) 2 , 59±1% (0p) 2 , and 6 ± 4% (0d) 2 . The correlation angle cos θ nf distribution has an asymmetric shape and a missing momentum k dependence, indicating that the dineutron correlation is localized radially on the 11 Li surface. The k-dependence of the θ nf is well reproduced by the quasifree model calculations. The dineutron in 11 Li is localized at k ∼ 0.3 fm -1 , corresponding to the nuclear surface r ∼ 3.6 fm. This behavior is consistent with the Hartree-Fock-Bogoliubov calculation for infinite nuclear matter.
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FIG. 1 .

 1 FIG. 1. Schematic of the setup. Arrows denote particle trajectories.

  ) and (b) show the results of the fitting for 0 ≤ E rel < 0.5 MeV and 2.0 ≤ E rel < 3.0 MeV where the 1sand 0p-components dominate, respectively.

FIG. 2 .

 2 FIG. 2. Missing momentum k distribution for (a) 0 ≤ E rel < 0.5 MeV, (b) 2.0 ≤ E rel < 3.0 MeV, and (c) all data. Horizontal and vertical axes show the missing momentum of the knock-out neutron and the differential cross section, respectively. Black dotted curve represents the experimental acceptance. Red, green, and blue solid curves represent DWIA calculations for s-, p-, and d-waves, respectively. Black thick solid lines represent the fitting result. Four orange colored areas (i)-(iv) represent regions with characteristic angular momentum distributions. See text for details.

Figure 3 FIG. 3 .

 33 Figure3shows the correlation-angle distributions at different k. There is an apparent kdependence. Herein we picked up four k regions (i)-(iv). At (ii) k = 0.25-0.35 fm -1 , where the s-and p-wave fractions obtained by the aforementioned multipole decomposition are similar, the distribution shows a strong enhancement in cos θ nf < 0 (θ nf > 90 • ), providing evidence of a dineutron correlation. The trend is less prominent at the lower (i: 0.0-0.1 fm -1 )

Figure 4

 4 Figure 4 illustrates a clear k dependence of θ nf . θ nf takes a maximum value of ∼ 100 •

2 FIG. 4 .

 24 FIG. 4. Mean values of the correlation angle θ nf in momentum space. Red points show the data in this study. Error bars and green line show the statistical and systematic uncertainty, respectively. Blue curve shows the quasi-free model calculation. Black hatched area shows the average correlation angle obtained in a previous study [24]. Black dashed line shows the expected θ nf value for the two uncorrelated neutrons. Inset shows a schematic diagram of the correlation angle θ nf in 11 Li. Black dot on the line between 9 Li and n 1 represents the center of mass of 11 Li.
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TABLE I .

 I Comparison of the integrated fraction for each multipole in percentage (%) of experimental and theoretical studies.(1s 1/2 ) 2 (0p 3/2 ) 2 (0p 1/2 ) 2 (0d 5/2 ) 2 (0d 3/2 ) 2

		This work; quasi-free (p, pn)		35 ± 4	59 ± 1	6 ± 4
		C-induced knock-out	[25] 45 ± 10 3-5 45 ± 10	10 ± 8
		Detailed analysis of Ref. [25] [27]	36.8	9.9	46.8
	Exp.	(p, pn)	[43]				11 ± 2
		(p, d)	[44] ≥ 44		33 ± 12
		(p, t)	[45] 31-45		51-64
		Few-body	[46]			59.1
	Theor.	Coupled-channel Tensor-optimized shell model [47] * 46.9 [19] 44.0	2.5 2.5	46.9 42.7	3.1 4.1	1.7 1.9
		Transfer to the continuum	[48]	67		31	1
						

* 0.6% and 0.5% for (f 7/2 ) 2 and (f 5/2 ) 2 , respectively.