arXiv:1111.5073v2 [nucl-th] 1 Mar 2012

Sensitivity of neutron to proton ratio toward the high density behavior of symmetry energy in heavy-ion collisions

Sanjeev Kumar,^1 Y. G. Ma^∗,^1 G. Q. Zhang,^{1, 2} and C. L. Zhou^{1, 2} 1Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China 2Graduate School of the Chinese Academy of Sciences, Beijing 100080, China (Dated: March 2, 2012)

The symmetry energy at sub- and supra-saturation densities has great importance for understanding the exact nature of asymmetric nuclear matter as well as neutron stars, but it is poorly known, especially at supra-saturation densities. We will demonstrate here whether or not the neutron-to-proton ratios from different kinds of fragments can determine the supra-saturation behavior of the symmetry energy. For this purpose, a series of Sn isotopes were simulated at different incident energies using the isospin quantum molecular dynamics (IQMD) model with either a soft or a stiff symmetry energy. It is found that the single neutron-to-proton ratio from free nucleons as well as Light Charged particles (LCPs) is sensitive to the symmetry energy, incident energy, and isospin asymmetry of the system. However, with the double neutron-to-proton ratio, this is true only for the free nucleons. It is possible to study the high-density behavior of symmetry energy by using the neutron-to-proton ratio from free nucleons.

PACS numbers: 21.65.Ef, 21.65.Cd, 25.70.Pq, 25.70.-z

I. INTRODUCTION

From the Bethe-Weizsacker mass formula, it is well understood that the symmetry energy from bulk matter is the difference between the energy of pure neutron matter and pure symmetric matter. Mathematically, it can we written as E_{Sym}(ρ, δ) = E(ρ, δ = 1) − E(ρ, δ = 0), (1) where δ =^{ρn−ρp}_{ρn+ρp} and ρ = ρ_n + ρ_p. ρ_n, ρ_p, and ρ are the neutron, proton, and nuclear matter densities, respectively. The symmetry energy has great importance in the dense matter existing in the neutron stars, but only indirect information can be extracted from astrophysical observations [1]. It is also important in the quark gluon plasma (QGP) and hadron gas (HG) phase [2]. The QGP and HG phases existed in the early stage of the evolution of Universe (about 15 billion years ago) and are inaccessible nowadays. It is difficult to recreate these conditions, although numerous experiments are occurring at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) [3]. Heavy-ion reactions, during which matter goes through compression and expansion, are considered to be the true testing ground for the hot and dense matter phases. The nuclear equation of state (NEOS) and the density dependence of the symmetry energy can be probed by some observables in intermediate-energy heavy-ion collisions (HICs). The softness of the NEOS has been well described in the literature in the last couple of decades [4, 5]. However, the density dependence of the symmetry energy, from the

∗Author to whom all correspondence should be addressed: ygma@sinap.ac.cn

Coulomb barrier to the deconfinement of nuclear matter, is a hot topic in the present era. At sub-saturation densities, the density dependence of the symmetry energy is studied by observables such as the neutron-to-proton ratio, isotopic and isobaric scaling, isospin diffusion, isospin fractionation and/or distillation, and isospin migration. [6–9]. Recently, the MSU group [7] claimed the softness of the symmetry energy at sub-saturation densities by using the double neutron-to-proton ratio and isospin diffusion from two isotopic systems,^{112}Sn +^{112}Sn and^{124}Sn +^{124}Sn at E = 50 MeV/nucleon. In another study, again soft symmetry energy was claimed by using the isospin diffusion for the same set of reactions, but at E = 35 MeV/nucleon [8]. In a recent study, soft symmetry energy is also favored for the same set of reactions at E = 50 MeV/nucleon by using the neutron-to-proton ratio [9]. In all the studies, the problem of sub-saturation density dependence of the symmetry energy seems to be addressed to some extent; however, the uncertainties are still large enough to justify the large amount of work that is under way in many laboratories all over the world.

In contrast, the present status of supra-saturation density dependence of the symmetry energy is quite uncertain and interesting. The high-density behavior of the symmetry energy in the literature is studied by using two important parameters: one is the yield ratio parameter and second is the flow parameter. The yield ratio parameter has been studied in term of single and double ratios of neutrons to protons [10–12], single and double ratios of π^−/π^+ [10, 13–18], the Σ^−/Σ^+ ratio [14], the K^−/K^+ ratio [15], and isospin fractionation [12], while, the flow parameter has been studied in terms of relative and differential flows (single and double ratios) of neutrons to protons or^3H to^3He [10, 19], and in terms of the ratio [20] or difference [21] of neutron-to-proton elliptic flow. Before using the^3H and^3He particle yield and flow ratios for the density dependence of the symmetry energy at high incident energies, one must check the production of these particles in the supra-saturation density region, which is obtained during the highly compressed stage only. However, the production of neutrons and protons occurs in large amounts and can explain the high density dependence of symmetry energy with great accuracy. favorable results with neutron and proton elliptic flow at E = 400 MeV/nucleon were also observed in 2011. In one of the studies, the softness of the symmetry energy with γ_i = 0.9 is predicted by comparing the FOPI collaboration data with the neutron-to-proton elliptic flow ratio [20]. In the same year, Cozma et al. [21] predicted the softness of symmetry energy with x = 2 by comparing the FOPI data with the neutron-to-proton elliptic flow difference. Even then uncertainty lies in the results, in terms of determination of symmetry energy: in the first study, symmetry energy is momentum independent, while in later one it is from momentum-dependent interactions. Moreover, the studies were limited to only 400 MeV/nucleon.

Let us examine some interesting features from the ratio parameters at supra-saturation densities. All the ratio parameters show sensitivity to the symmetry energy. In the literature, it is also claimed that K^0/K^+ and Σ^−/Σ^+ have more sensitivity than π^−/π^+ [14, 15]. The sensitivities of all the parameters is checked in term of transverse momentum and rapidity distribution dependence [10–12, 14, 18, 19], while pion and kaon ratio studies are extended with the isospin asymmetry of the system and the incident energy [13, 15–17]. In recent years, when the pion ratio has been compared with the FOPI data by using the two well known models IBUU04 and ImIQMD, in terms of isospin asymmetry and incident energy, the predictions for the symmetry energy are found to be totally opposite. ImIQMD predicts stiff symmetry energy (γ_i = 2) [17], while IBUU04 predicts soft symmetry energy (x=1) [16].

In the present era, the π^−/π^+ ratio is supposed to be a strong candidate for predicting the high-density behavior of symmetry energy. Just as for π^− and π^+, neutrons and protons are also produced in large amounts up to 1 GeV/nucleon. Even around 400 MeV/nucleon, the production of neutrons and protons is greater than the production of pions. Unfortunately, the neutronto-proton ratio parameter in most studies is restricted only with the transverse momentum and kinetic energy dependencies [10–12]. To draw a fruitful conclusion in the near future, first, it is very important to study the isospin asymmetry and incident energy dependencies of the neutron-to-proton ratio, just as in the recent π^−/π^+ study, and then compare the sensitivity to the symmetry energy from both ratios, as the pion ratio results were recently compared with the FOPI experimental findings. Second, one has to avoid choosing randomly any type of fragment to study the supra-saturation density dependence of symmetry energy. For this, it is important to check whether or not a particular type of fragment is formed in the region ρ > ρ_0, which is simple when one addresses the sub-saturation density dependence of symmetry energy. Finally, with increasing incident energy, the time evolution of the density has a different trend at two extremes: one at the time of maximum compression and the second at the freeze-out time (t = 200 fm/c). It also becomes interesting to see the different stiffnesses of the symmetry energy dependence of the neutron-to-proton ratio for incident energies at the time of maximum compression and at freeze-out time.

In the concluding remarks of this paper, we have tried to address the following goals:

• To check the sensitivities of different kind of fragments to the high-density behavior of symmetry energy.

• To check the behavior of the neutron-to-proton ratio at the time of maximum compression and at freeze-out time.

• To check the isospin asymmetry and incident energy dependences of single and double neutron-to-proton ratios from different neutron-rich systems to the high-density behavior of symmetry energy, and then compare the sensitivity of symmetry energy from the neutron-to-proton ratio with that from the pion ratio. This study is similar to recent studies using the pion ratio [13, 15–17].

For the present study, the isospin quantum molecular dynamics (IQMD) model is used to generate the phase space of nucleons, which is discussed in Sec. II. The results are discussed in sec. III, and we summarize the results in sec. IV .

II. METHODOLOGY: ISOSPIN QUANTUM MOLECULAR DYNAMICS MODEL

In the IQMD model [22, 23], nucleons are represented by wave packets, just as in the QMD model of Aichelin [4]. These wave packets of the target and projectile interact via the full Skyrme potential energy, which is represented by U and is given as:

U = U_ρ + U_{Coul} · (2)

Here U_{Coul} is the Coulomb energy and U_ρ originates from the density dependence of the nucleon optical potential, and is given as

U_ρ = α 2 ρ^2 ρ_0 + β γ + 1 ρ^{γ+1} ρ^γ_0 + E^{pot}_{Sym}(ρ)ρδ^2. (3) The first two of the three parameters of Eq. 3 (α and β) are determined by demanding that, at normal nuclear matter densities, the binding energy should be equal to 16 MeV and the total energy should have a minimum at ρ_0. The third parameter γ is usually treated as a free parameter. Its value is given in term of the compressibility:

κ = 9ρ^2

∂^2 ∂ρ^2 ( E A ) . (4)

The different values of compressibility give rise to soft and hard equations of state. The soft equation of state is employed in the present study with the parameters α = − 356 MeV, β = 303 MeV, and γ = 7/6, corresponding to an isoscaler compressibility of κ = 200 MeV. In the third term E^{pot}_{Sym} is the potential part of the symmetry energy, which is adjusted on the basis of calculations from the microscopic or phenomenological many-body theory, having the form E^{pot}_{Sym} = C_{s,p} 2 ( ρ ρ_0 )_{γi} . (5)

Here C_{s,p} = 35.19 MeV, parameterized on the basis of the experimental value of the symmetry energy, is known as the symmetry potential energy coefficient. On the basis of the γ_i value, symmetry energy is divided into two types with γ_i = 0.5 and γ_i = 1.5, corresponding to soft and stiff symmetry energies, respectively.

The total symmetry energy per nucleon employed in the simulation is the sum of the kinetic and potential terms and is given as E_{Sym}(ρ) = C_{s,k} 2 ( ρ ρ_0 )_{2/3} + E^{pot}_{Sym}, (6)

where C_{s,k} =^{h̄2}_{3m} (_{3π2ρ0} 2 )_{2/3} ≈ 25 MeV is known as the symmetry kinetic energy coefficient. The kinetic symmetry energy originates from the Fermi-Dirac distribution [24].

Finally, we get a density and isospin-single particle potential in nuclear matter as follows: V_τ (ρ, δ) = α ( ρ ρ_0 ) + β ( ρ ρ_0 )_γ + E^{pot}_{Sym}(ρ)δ^2 + ∂E^{pot}_{Sym}(ρ) ∂ρ ρδ^2 + E^{pot}_{Sym}(ρ)ρ ∂δ^2 ∂ρ_{τ,τ} ′ . (7)

Here τ ≠ τ^′,^{∂δ2}_{∂ρn} =^{4δρp}_{ρ2} , and^{∂δ2}_{∂ρp} =^{−4δρn}_{ρ2} . The potential also depends on the momentum-dependent interactions, which are optional in the IQMD model.

Note that the γ used in the determination of the equation of state and γ_i used in the determination of symmetry energy are different parameters. The interesting feature of symmetry energy is that its value increases with decreasing γ_i at sub-saturation densities, while the opposite is true at supra-saturation densities. In other words, soft symmetry energy is more pronounced at subsaturation densities, while stiff symmetry energy is more pronounced at supra-saturation densities.

In the calculations, we use the isospin-dependent inmedium cross section in the collision term and the Pauli blocking effects as in the QMD model [4]. The cluster yields are calculated by means of the coalescence model, in which particles with relative momentum smaller than P_{F ermi} and relative distance smaller than R_0 are coalesced into a one cluster. The value of R_0 and P_{F ermi} for the present work are 3.5 fm and 268 MeV/c, respectively.

III. RESULTS AND DISCUSSIONS

The neutron-to-proton ratio is among the first observables that was proposed as a possible sensitive probe for symmetry energy prediction at sub-saturation densities [6, 7]; however, some studies are also performed using the rapidity distribution and transverse momentum dependencies at supra-saturation densities. In this article, the sensitivities of free nucleons, light charged particles (LCPs, having charge number between 1 and 2), and intermediate mass fragments (IMFs, having charge number between 3 and Z_{T otal}/6) to the high density behavior of symmetry energy are checked, providing the results of incident energy and isospin asymmetry dependencies of single and double neutron-to-proton ratios with the highdensity sensitive fragments.

To perform the study, thousand of events are simulated for the isotopes of Sn, namely^{112}Sn +^{112}Sn,^{124}Sn + 124Sn and^{132}Sn +^{132}Sn between incident energies of 50 and 600 MeV/nucleon at semicentral geometry by using the soft and stiff symmetry energies of γ_i = 0.5 and 1.5, respectively. As discussed earlier, a soft equation of state with an isospin- dependent nucleon-nucleon (NN) cross section of σ_{med} = ( 1 − 0.2^ρ_{ρ0} ) σ_{f ree} is employed.

The incident energy and isospin asymmetry dependences of single and double neutron-to-proton ratios, just as for the π^−/π^+ ratio [16, 17], are considered as a point of importance in the present study. The single ratio is just the ratio of neutrons to protons and is represented in the study by R(N/Z), while double ratio is the ratio of the single ratios of any two isotopes of Sn. In order to study the systematics of the isospin effects, the single ratio of the isotope with a greater number of neutrons is always mentioned in the numerator when the double ratio is calculated. Mathematically, the double ratio is represented by DR(N/Z) and is given as DR(N/Z) = R(N/Z)^{neutron rich} R(N/Z)^{neutron weak} · (8)

To predict the high-density behavior of symmetry energy, the very first point is to understand the time evolution of the average density at different incident energies. With increasing incident energy, the density will be expected to be greater than the normal nuclear matter density in the most compressed region. As we know, the density of the environment surrounding the nucleons of a fragment plays a crucial role in determining the physical process behind its formation. In Fig. 1, we display the

FIG. 1: (Color online) Time evolution of the average density for the^{132}Sn +^{132}Sn reaction with the soft symmetry energy (γi = 0.5) at semicentral geometry. The different lines represent different incident energies ranging from 50 to 600 MeV/nucleon.

average density ⟨ρ/ρ_0⟩ reached in a typical reaction as a function of time at different incident energies for^{132}Sn + 132Sn by using the soft symmetry energy γ_i = 0.5. The average nucleon density is calculated as [4] ⟨ρ⟩ = ⟨ 1 A_T + A_P A_T +A_P ∑ i=1

A_T +A_P ∑ j=1 1 (2πL)^{3/2} ·exp[−(⃗r_i − ⃗r_j )^2/2L]⟩, (9) with ⃗r_i and ⃗r_j being the position coordinates of the i^{th} and j^{th} nucleons, respectively.

As we have expected, with increasing of incident energy, the density is found to increase in the compression zone. Interestingly, at lower beam energies, the maximum density reached is lower and the reaction time is longer. With increasing incident energy, the life-time of the high-density nuclear matter gets shorter due to instability. For example, at b = 2 fm the average density reaches a maximum and is close to normal nuclear matter density at t= 18 and 33 fm/c, respectively, for E = 50 MeV/nucleon; but for the case of E = 600 MeV/nucleon, the respective times are 10 and 20 fm/c. This means that the difference between the two times is almost 15 fm/c at E = 50 MeV/nucleon, while it is only 10 fm/c at E = 600 MeV/nucleon. This clearly indicates that the matter shows high-density behavior only for a small time interval, which decreases with increasing incident energy. Since we are interested in the sensitivities of different kinds of fragments and their neutron-to-proton ratios, only those fragments that lie in the high-density region (ρ > ρ_0) will be sensitive to the high-density behavior of

FIG. 2: (Color online) Time evolution of free nucleons (top), LCPs (middle), and IMFs (bottom) at semicentral geometry for^{132}Sn +^{132}Sn using the soft symmetry energy (γi = 0.5). The different lines have the same meaning as in Fig. 1. The vertical line in each panel represents our time limit before which the system can be in the supra-saturation region (refer to Fig. 1).

the symmetry energy.

To check the sensitivities of different kind of fragments, in Fig. 2 we display time evolution of free nucleons (top), LCPs (middle), and IMFs (bottom) at semicentral geometry for incident energies ranging from 50 to 600 MeV/nucleon. The behavior for all kinds of fragments is consistent with the results in the literature [25]. The production of free nucleons increases with incident energy, and LCP production decreases after 400 MeV/nucleon. In Ref. [23], LCP production is correlated with the nuclear stopping and is also found to have a maximum at 400 MeV/nucleon. IMF production is found to decrease after 100 MeV/nucleon. This is due to the different origin of the production of IMFs as compared to free and LCPs. For more details about the incident energy dependence of IMFs, see Ref. [25].

Our main task is to check the sensitivities of the fragments in the high-density region. For this, we apply the limit that at least one particle must be produced before

FIG. 3: (Color online) Excitation function of (ρ/ρ0)^{γi} , which is proportional to ESym, at semicentral geometry. The left panel is at the time of maximum compression, while the right one is at the freeze-out time. Solid and open circles with a dashed line represent the contributions of the soft (γi=0.5) and stiff (γi=1.5) symmetry energies, respectively, for the system^{132}Sn +^{132} Sn.

the time 20 fm/c, because, in an average, after that time the density becomes lower than normal nuclear matter density for all the incident energies under consideration. The free nucleons are highly sensitive at all the energies. This is not true for LCPs and IMFs. LCPs are produced in this region only after the incident energy reaches 200 MeV/nucleon. In contrast, no IMFs are produced in the supra-saturation density region. This means that IMFs are not so sensitive to the high-density dependence of symmetry energy; however, they can be used at sub-saturation and saturation densities [7]. Interestingly, the single neutron-to-proton ratio from IMFs is found to change with the incident energy (not shown here), but this is mainly due to Coulomb interactions. Here we conclude that the neutron-to-proton ratio from free nucleons as well as LCPs can act as a probe of the high-density behavior of the symmetry energy.

One more interesting observation is obtained from Fig. 1. With increasing incident energy, the time evolution of the density is exactly opposite during the compression and expansion stages. That is, in the expansion stage the average density is found to decrease with increasing incident energy, which was earlier increasing in the compressed zone. Now, we have two aspects of the basis of the time evolution of density: one is the compressed-zone time and second is the freeze-out time. Interestingly, if the density behavior is opposite at the two times, then it would supposedly affect the magnitude of the symmetry energy as well as its effect on the nuclear matter during the whole time evolution.

To see the virtual change in the symmetry energy due to the change in the density, we display in Fig. 3 the incident energy dependence of (ρ/ρ_0)^{γi} , which is proportional to the symmetry energy, at the time of the maximum compression (left panel) and at the freeze-out time (right panel). At the time of maximum compression, the symmetry energy rises with the increasing incident energy (increase in density). As the density is more than the normal nuclear matter density in this region, the stiff symmetry energy is stronger than the soft one. With increasing incident energy (increase in density), the stiff symmetry energy is changing drastically, while, the soft symmetry energy shows little change. This exactly coincided with the ideal picture of density dependence of the symmetry energy. On the other hand, if we look at the energy dependence of (ρ/ρ_0)^{γi} at t = 200 fm/c, the situation is totally different. The symmetry energy is found to decrease with increasing incident energy (decrease in density). Now the density is lower than the normal nuclear matter density, so the magnitude of the soft symmetry energy is greater than that of the stiff symmetry energy. In other words, the supra-saturation (sub-saturation) density region is more neutron rich with γ_i = 1.5 (γ_i = 0.5). The effect from the sub- and supra-saturation density behaviors of symmetry energy will compete and contribute in the final observables. Due to the different behavior of density at different times, it is important to observe the isospin effects at the time of maximum compression and at the freeze-out time to understand the high-density behavior of symmetry energy. For this purpose, in the coming sections, the incident energy and isospin asymmetry dependencies of the single and double neutron-to-proton ratios from free nucleons and LCPs are analyzed.

A. Incident energy and isospin asymmetry dependencies of single neutron to proton ratio

In order to address the sensitivity of symmetry energy at the time of maximum compression and at freeze-out time, we display the incident energy and isospin asymmetry dependencies of the single neutron-to-proton ratio at different times in Figs. 4, 5 and 6. The left and right panels are at the time of maximum compression and freeze-out time, respectively. In Fig. 4, the ratios from free nucleons and LCPs are displayed in the top and bottom panels. The many interesting facts are revealed in the figure. The incident energy dependencies of the ratios are found to be highly sensitive to symmetry energy for the two different times. As we know, the relative strength of symmetry energy is opposite at sub- and supra-saturation densities with γ_i = 0.5 and γ_i = 1.5. In the range of 50-150 MeV/nucleon, only the low density part up to about 1.1ρ_0 contributes. Therefore, in the low-energy region, for free nucleons, we can see the high ratio with the soft symmetry energy at both the times under consideration. At and above 200 MeV/nucleon, a broad range of densities up to 1.8ρ_0 is involved. Of course, at about 200 MeV/nucleon and above, for the behavior of the high-density symmetry energy, there is a

FIG. 4: (Color online) Excitation function of the single neutron-to-proton ratio for free nucleons (top panel) and LCPs (bottom panel) at semicentral geometry. The left and right panels are the same expect they are at the time of maximum compression and at the freeze-out time, respectively. Solid and open circles represent the soft and stiff symmetry energies, respectively. Solid and dashed lines corresponds to the systems of^{112} Sn +^{112} Sn and^{124} Sn +^{124}Sn, respectively.

combined effect for particles going through both low-and high-density region. At higher energies, a higher N/Z ratio is observed with the stiff symmetry energy for the neutron rich system^{132}Sn +^{132}Sn at the time of maximum compression, which is true with the soft symmetry energy at the freeze-out time. The result is similar for free nucleons and LCPs. However, LCPs are not as sensitive and the ratio is even less than the ratio of the system. This is due to the excess number of protons involved in the production of LCPs compared to free nucleons. These protons will lower the ratio for LCPs.

It is clearly visible that the ratio at both times is almost the same with the stiff symmetry energy, but changes drastically with the soft symmetry energy. This is due to the fact that, at the time of maximum compression, the density is in the supra-saturation region and the stiff symmetry energy is much higher (see Fig.3) than the soft symmetry energy. Therefore, the stiff symmetry energy is able to separate most of the neutrons near the time of maximum compression and then accelerate the neutrons toward higher kinetic energy at later times. However, the soft symmetry energy is not so high, and the separation of the neutrons takes place for a longer time. After 50-60 fm/c (see Fig. 1), the density drops to the sub-saturation density region and now the soft symmetry energy has a quite high magnitude (see Fig. 3) compared to the stiff one. The soft symmetry energy in this region is still separating the neutrons as well as accelerating them high kinetic energy. That is why the ratio with the soft symmetry energy drastically changes when one goes from compression to freeze-out time, but remains almost constant with the stiff symmetry energy.

Mainly, the neutron-to-proton ratio is found to decrease with the incident energy for free nucleons as well as for LCPs, just like the π^−/π^+ ratio. The decrease in the ratio may be due to two reasons:

• One reason may be the role of Coulomb interactions with incident energy. With increasing incident energy, chances of break-up of initial correlations among the nucleons becomes stronger, and the production of free nucleons including neutrons and protons will increase . However, at very low incident energy, the production of neutrons is more due to the symmetry energy because of its repulsive (attractive) nature for neutrons (protons). In short, due to Coulomb interactions, a shift of protons takes place from low to high incident energies. The effect of the Coulomb interactions can be checked by taking the double ratio, which is discussed in Fig. 7.

• The contribution of pions from secondary-chance nucleon-nucleon collisions might increase with the beam energy. If a first-chance nucleon-nucleon collision converts a neutron to a proton by producing a π^−, then subsequent collisions of the energetic protons can convert them back to neutrons by producing a π^+. Therefore, at sufficiently high energy, the neutrons, which are produced due to symmetry energy, are changing into the protons and further producing π’s, which will lead to a decease in the neutron-to-proton ratio. This can be confirmed by using the double ratio concept. If the double ratio is still deceasing with incident energy, then it means that, in addition to the Coulomb interactions, the phenomenon of secondary nucleonnucleon collisions is also very important.

One more point of interest is that the difference between the soft and stiff symmetry energies at freeze-out time is found to decrease with incident energy for free nucleons, while it increases for LCPs. Of the above two reasons, the first one is applicable for free nucleons as well as for LCPs. The second one is applicable only for free nucleons, as the energy in this study is up to 600 MeV/nucleon, which is quite sufficient to produce pions.

To see the effect of the high-density behavior of symmetry energy on the isospin asymmetry dependence, we display the ratio from free nucleons and LCPs in Figs. 5 and 6 at only high energies (200, 400, and 600 MeV/nucleon).

Due to the instability of the highly compressed zone, we are not able to differentiate between the results of symmetry energy obtained at the time of maximum compression; however, we had earlier obtained some important conclusions from Fig. 4, where incident energy dependence was discussed.

The results from Figs. 5 and 6 at the freeze-out time reveal many important points. The isospin asymmetry dependence of the ratio from free nucleons is highly sensitive to the symmetry energy compared to LCPs, i.e., the ratio from free nucleons is found to be sharply increasing with the isospin asymmetry of the system compared to LCPs. This is due to the fact that isospin effects on the ratio from free nucleons are strongly affected by the symmetry energy and weakly affected by Coulomb interactions, while the opposite is true for the ratio from LCPs. As discussed earlier, the ratio is found to decease with the incident energy, which is also true here for the isospin asymmetry dependence.

The difference between the soft and stiff symmetry energy results comes from the behavior of free nucleon emission with the isospin asymmetry of the system, i.e., the greater the isospin asymmetry of the system, the greater the contribution of neutrons in the ratio due to the symmetry energy. The soft symmetry energy is stronger at the freeze-out time, which will lead to an increase in the ratio more sharply than the stiff symmetry energy. This effect is again weakly observed in the ratio from LCP’s.

B. Incident energy and isospin asymmetry dependencies of double neutron to proton ratio

In order to cancel the Coulomb effects and to see the effect of symmetry energy, we show in Fig. 7, the incident energy dependence of the double ratio from different isotopes of Sn with different combinations, namely,^{132}Sn +^{132}Sn and^{124}Sn +^{124}Sn,^{124}Sn +^{124}Sn and^{112}Sn + 112Sn,^{132}Sn +^{132}Sn and^{112}Sn +^{112}Sn, having differences of 8, 12, and 20 neutrons and the same number of protons. The upper and lower panels are for free nucleons and LCPs. The double ratio is found to increase with the difference of the number of neutrons in the different combinations. It is similar to the results obtained at sub-saturation densities by different models [6, 7]. The main point to be discussed here is that the double ratio is found to decrease with increasing incident energy. As we have discussed in Fig. 4, there may be two reasons for the decrease of the single ratio with increasing incident energy. One was the Coulomb effect, which is canceled out here. The second was the pion effect, which is still active in the double ratio and becomes more and more dominant with increasing incident energy. Due to that effect, the double ratio is found to decrease with the incident energy. It indicates that the pion production effect is very important at high incident energy and is equally useful for understanding the high-density behavior of the

FIG. 5: Isospin asymmetry dependence of the single neutronto-proton ratio for free nucleons at different incident energies. The left panel is at the time of maximum compression, while the right panel is at the freeze-out time. Solid and open circles represent the soft and stiff symmetry energies, respectively.

FIG. 6: Same as in Fig. 5 but for the LCPs.

FIG. 7: (Color online) Excitation function of the double neutron-to-proton ratio from different isotopes of Sn for free nucleons (top) and LCPs (bottom). The vertical line in the bottom panel represent the energy limit above which DR(N/Z) of LCPs becomes more or less insensitive. Solid and open circles represent the soft and stiff symmetry energies, respectively. The solid, dashed, and dot-dashed line corresponds to double ratios from^{132} Sn +^{132} Sn to^{124}Sn + 124Sn,^{124}Sn +^{124} Sn to^{112}Sn +^{112} Sn, and^{132} Sn +^{132}Sn to 112Sn +^{112}Sn, respectively.

incident energy [16, 17].

In contrast, this effect is valid only for the double ratio from the free nucleons and not from the LCPs. The double ratio from LCPs is found to be constant above 200 MeV/nucleon. This indicates that the effect of the symmetry energy for the ratio from LCPs can be analyzed only near sub-saturation densities close to 1.1ρ_0. The decrease in the single ratio for the LCPs was only due to the Coulomb interactions at higher incident energies, which is canceled out by taking the double ratio; the double ratio from the symmetry energy becomes independent of the incident energy after 200 MeV/nucleon. This type of dependence for the single π^−/π^+ ratio can be observed above 1 GeV/nucleon [13]. The behavior of symmetry energy for the double ratio is exactly the same as that for the single ratio. This indicates that LCP production is also not a sensitive probe for investigating the high-density behavior of the symmetry energy. The only possible probe from the fragments is the double ratio of

FIG. 8: Isospin asymmetry dependence of the double neutronto-proton ratio from free nucleons at different incident energies. The different symbols have the same meaning as in Fig. 5.

neutrons to protons from free nucleons. Another possible probe is the π^−/π^+ ratio, which recently was compared with the experimental data of the FOPI by the IBUU04 and ImIQMD calculations [16, 17].

In order to strengthen our conclusion, in Fig. 8, we display the isospin asymmetry dependence of the double ratio from free nucleons at different incident energies. All the curves are fitted with a power law of the form y = ax^τ , where y is the double ratio from free nucleons and x is the double ratio of the systems. The power-law exponent τ is found to vary drastically with the symmetry energy, which is to be discussed later in Fig. 9. After canceling the Coulomb effects, the trend for the double ratio is the same as that of the single ratio in Fig. 5. It reflects the fact that the isospin effects for free nucleons is stronger for more neutron-rich systems and is mainly due to the symmetry energy. However, the decrease in the isospin effect with the increase of incident energy is due to the production of pions at sufficiently high energy. The difference in the double ratio obtained with the soft and stiff symmetry energies here is also found to increase from the neutron-poor to the neutron-rich system, just like the single neutron-to-proton ratio in Fig. 5 as well as the single pion ratio in the literature [16, 17].

FIG. 9: Incident energy dependence of the power-law exponent τ from Fig. 8. The symbols and lines are the same as in Figs. 5 and 8.

C. Incident energy dependence of Power law exponent τ

To see the clear systematics of the incident energy toward the symmetry energy, we plot the incident energy dependence of the power exponent τ in Fig. 9, which is extracted from the curves of Fig. 8. With increasing incident energy, the sensitivity of the symmetry energy goes on decreasing toward the double ratio; however, the soft symmetry energy is more sensitive in comparison with the stiff one. In brief, when one goes from the subsaturation to the supra-saturation density region, the soft symmetry still has a crucial role to play compared to the stiff one. This is due to the density (Fig. 1), which undergoes a sudden change between the supra- and subsaturation density regions with time at higher incident energies.

Finally, from this study, we confirm that the highdensity behavior of symmetry energy can be studied by using the single and double ratios of neutrons to protons from free nucleons. In comparison, the double ratio is more accurate for this purpose, due to its greater sensitivity to the soft symmetry energy. Meanwhile, the lighter and heavier fragments ratio can be considered good candidates at sub-saturation densities, and also have been used in the literature many times by different groups [6, 7].

IV. CONCLUSION

In order to investigate the high-density behavior of the symmetry energy, isospin asymmetry and beam energy dependencies of neutron-to-proton ratios (single and double) from different kinds of fragments are studied by using the IQMD model. The single neutron-to-proton ratio from free nucleons and LCPs is found to decrease (increase) with incident energy (with the isospin asymmetry of the system). Stronger isospin effects are observed with the soft symmetry energy. Similar results with the π^−/π^+ ratio are also observed by Li et al. and Feng et al., but with opposite behavior for symmetry energy. The double neutron-to-proton ratio from free nucleons is highly sensitive to the symmetry energy, incident energy, and isospin asymmetry of the system. However, the sensitivity of the neutron-to-proton double ratio from LCPs to the nuclear symmetry energy is almost beam-energy independent above 200 MeV/nucleon. The same trend is observed for the single π^−/π^+ ratio above 1 GeV/nucleon. The sensitivity of the soft symmetry energy to the ratio parameter is strongly affected by the choice of times, which is not true for the stiff symmetry energy. In simple words, just like the π^−/π^+ ratio, the neutron-to-proton double ratio from free nucleons can act as a useful probe to constrain the high-density behavior of symmetry energy. Experiments are planned at MSU, GSI, RIKEN, and FRIB to determine the high-density behavior of symmetry energy by using the neutron-to-proton ratio.

Acknowledgments

This work is supported in part by the Chinese Academy of Sciences Support Program for young international scientists under Grant No. 2010Y2JB02, the National Science Foundation of China under Contract No. 11035009, and No. 10979074, by the the Knowledge Innovation Project of the Chinese Academy of Sciences under Grant No. KJCX2-EW-N01, and by the 973-Program under Contract No. 2007CB815004.

[1] J. M. Lattimer and M. Prakash, Science 304, 536 (2004);

A. W. Steiner et al., Phys. Rep. 411, 325 (2005); B. A. Li, L. W. Chen, M. Gearheart, J. Hooker, C. M. Ko, P. G. Krastev, W. K. Lin, W. G. Newton, D. H. Wen, C.

Xu, and J. Xu , J. Phys. Conf. Ser. 312, 042006 (2011); D. T. Loan et al., Phys. Rev C 83, 065809 (2011).

[2] M. D. Toro, B. Liu, V. Greco, V. Baran, M. Colonna, and S. Plumari, Phys. Rev. C 83, 014911 (2011).

[3] J. L. Nagle, I. G. Bearden, and W. A. Zajc, New J. Phys.

13, 075004 (2011).

[4] J. Aichelin, Phys. Rep. 202, 233 (1991); E. Lehmann, R.

K.Puri, A.Faessler, T. Maruyama, G. -Q. Li, N. Ohtsuka, S. W. Huang, D. T. Khoa et al., Prog. Part. Nucl. Phys. 30 , 219 (1993); E. Lehmann, R. K. Puri, A. Faessler, G. Batko, S. W. Huang, Phys. Rev. C 51 , 2113 (1995); R. K. Puri, and J. Aichelin, J. Comput. Phys. 162 , 245 (2000); D. T. Khoa, N. Ohtsuka, M. A. Matin, and R. K. Puri, Nucl. Phys. A548 , 102 (1992).

[5] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298, 1592 (2002); C. Hartnack, H. Oeschler, and J. Aichelin, Phys. Rev. Lett. 96, 012302 (2006); Z. Q. Feng, Phys. Rev. C 83, 067604 (2011).

[6] B. A. Li, C.M. Ko, and Z.Z. Ren, Phys. Rev. Lett.

78, 1644 (1997); H. S. Xu et al., Phys. Rev. Lett. 85, 716 (2000); M. B. Tsang et al., Phys. Rev. Lett. 86, 5023 (2001); M. B. Tsang et al., Phys. Rev. Lett. 92, 062701 (2004); D. V. Shetty, S. J. Yennello, A. S. Botvina, G. A. Souliotis, M. Jandel, E. Bell, A. Keksis, S. Soisson, B. Stein, and J. Iglio, Phys. Rev. C 70, 011601 (2004); V. Baran, M. Colonna, M. D. Toro, M. Z. Pfabe, and H. H. Wolter, Phys.Rev. C 72, 064620 (2005); M. A. Famiano, T. Liu, W. G. Lynch, A. M. Rogers, M. B. Tsang, M. S. Wallace, R. J. Charity, S. Komarov, D. G. Sarantites, and L. G. Sobotka, Phys. Rev. Lett. 97, 052701 (2006); W. D. Tian, Y. G. Ma, X. Z. Cai, D. Q. Fang, W. Guo, W. Q. Shen, K. Wang , H. W. Wang, and M. Veselsky, Phys. Rev. C 76, 024607 (2007); M. Colonna, V. Baran, M. D. Toro, and H. H. Wolter, Phys. Rev. C 78, 064618 (2008); M. D. Toro et al., Int. J. Mod. Phys. E 17, 1799 (2008); I. Lombardo et al., Phys. Rev. C 82, 014608 (2010).

[7] Y. Zhang, P. Danielewicz, M. Famiano, Z. Li, W.G.

Lynch, and M.B. Tsang, Phys. Lett. B 664, 145 (2008); M. B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano, Z. Li, W. G. Lynch, and A. W. Steiner, Phys. Rev. Lett. 102, 122701 (2009); M. B. Tsang et al., Prog. Part. Nucl. Phys. 66, 400 (2011).

[8] Z. Y. Sun et al., Phys. Rev. C 82, 051603 (R) (2010). [9] S. Kumar, Y. G. Ma, G. Q. Zhang, and C. L. Zhou, Phys.

Rev. C 84, 044620 (2011).

[10] B. A. Li, Phys. Rev. Lett. 88, 192701 (2002); Nucl. Phys.

A 708, 365 (2002).

[11] B. A. Li, C. B. Das, S. D. Gupta, and C. Gale, Phys.

Rev. C 69, 011603 (R) (2004); B. A. Li, ibid. 69, 034614

(2004); ibid. 71, 044604 (2005); B. A. Li, L. W. Chen, G. C. Yong, and W. Zuo, Phys. Lett. B 634, 378 (2006); Q. Li, Z. Li, S. Soff, M. Bleicher, and H. Stöcker, Phys. Rev. C 72, 034613 (2005).

[12] B. A. Li, L. W. Chen, H. R. Ma, J. Xu, and G. C. Yong, Phys. Rev. C 76, 051601 (R) (2007).

[13] B. A. Li, Phys. Rev. C 67, 017601 (2003). [14] Q. Li, Z. Li, E. Zhao, and R. K. Gupta, Phys. Rev. C 71, 054907 (2005).

[15] H. H. Wolter, V. Prassa , G. Lalazissis, T. Gaitanos, G.

Ferini, M. D. Toro, and V. Greco, Prog. Part. Nucl. Phys. 62, 402 (2009).

[16] Z. G. Xiao, B. A. Li, L. W. Chen, G. C. Yong, and M.

Zhang, Phys. Rev. Lett. 102, 062502 (2009); M. Zhang, Z. G. Xiao, G. C. Yong, B. A. Li, L. W. Chen, and S. J. Zhu, Phys. Rev. C 80, 034616 (2009).

[17] Z. Q. Feng and G. M. Jin, Phys. Lett. B 683, 140 (2010). [18] M. Zhang, Z. G. Xiao, and S. J. Zhu, Chin. Phys. C 34, 1100 (2010); Phys. Rev. C 82, 044602 (2010); Y. Gao, L. Zhang, H. F. Zhang, X. M. Chen, and G. C. Yong, Phys. Rev. C 83, 047602 (2011).

[19] G. C. Yong, B. A. Li, and L. W. Chen, Phys. Rev. C 74, 064617 (2006); G. C. Yong, B. A. Li, L. W. Chen, and X. C. Zhang, ibid. 80, 044608 (2009); G. C. Yong, B. A. Li, and L. W. Chen, Int. J. Mod. Phys. E 19, 1647 (2011); S. Gautam , A. D. Sood, R. K. Puri, and J. Aichelin, Phys. Rev. C 83, 034606 (2011).

[20] P. Russotto et al., Phys. Lett. B 697, 471 (2011). [21] M. D. Cozma, Phys. Lett. B 700, 139 (2011). [22] C. Hartnack, R. K. Puri, J. Aichelin, J. Konopka, S. A. Bass, H. Stoecker, and W. Greiner, Eur. Phys. J. A 1, 151 (1998); C. Hartnack, H. Oeschler, Y. Leifels, E. L. Bratkovskaya and J. Aichelin, Phys. Rept. 510, 119 (2012).

[23] S. Kumar, S. Kumar, R. K. Puri, Phys. Rev C 81, 014601 (2010); ibid. 81, 014611 (2010); S. Kumar and S. Kumar, Chin. Phys. Lett. 27, 062504 (2010); S. Gautam and A. D. Sood, Phys. Rev. C 82, 014604 (2010); S. Kumar, Rajni, S. Kumar, Phys. Rev. C 82, 024610 (2010); S. Kumar, V. Kaur, and S. Kumar, Cent. Eur. J. Phys. 9, 986 (2011).

[24] Q. F. Li, Ph.D. Thesis, CIAE, Beijing, China, 2002. [25] S. Kumar, S. Kumar, and R. K. Puri, Phys. Rev. C 78, 064602 (2008); S. Kumar and S. Kumar, Pramana J. of Phys. 74, 731 (2010).