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The neutron richness of the light charged particles emitted out of the fission plane in heavy ion reactions has20

been experimentally investigated via the production of A = 3 mirror nuclei in 86Kr +natPb reactions at 25 MeV/u.21

The energy spectra and angular distributions of triton (t) and 3He in coincidence with two fission fragments are22

measured with the Compact Spectrometer for Heavy IoN Experiment (CSHINE). The energy spectrum of 3He23

is observed harder than that of triton in the fission events, in accordance with the phenomena reported as “3He-24

puzzle” in inclusive measurements. With a data driven energy spectrum peak cut scenario, it is observed that25

the yield ratio R(t/3He) increases with the angle to the fission plane, showing an enhancement of neutron rich26

particle emission from out-of-fission-plane. A qualitative comparison with the transport model calculations27

suggests that this observation may serve as a new probe for the nuclear symmetry energy.28
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I. INTRODUCTION30

Heavy ion reactions (HIR) provide a femtoscopic labora-31

tory for investigating the properties of the nuclear equation32

of state (nEoS), particularly the nuclear symmetry energy33

Esym(ρ) [1–6]. The stringent constraint of Esym(ρ) is crucial34

for both nuclear- and astro-physics, and draws the most at-35

tention since the detection of the gravitational waves from the36

neutron star merging event GW170817 [7–9]. Although great37

progress has been made via neutron skin thicknesses[10–38

14], nuclear charge radius[15], flow[16–18] and the detec-39

tion of isobaric yield ratios in HIRs, like n/p [19], t/3He40

[20, 21], π−/π+ [22–25], K0/K+ [26] and Ξ−/Ξ0 [27], the41

Esym(ρ) is still suffering a lot uncertainties [28–32], and the42

efforts are ongoing to search novel probes to explore the ef-43

fects of Esym(ρ) in HIRs [33–37].44

The nuclear (fast)fission process is a large-amplitude col-45

lective motion mode happening in the HIRs. The low-46

density neutron rich neck region formed in the rupture of47

two fission fragments provides a good condition for study-48

ing Esym(ρ) and dynamic properties in isospin degree of49
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freedom (IDOF)[38–41]. The neck zone has been explored50

to understand the mechanism of intermediate mass fragment51

(IMF) formation [42–45], isotopic cluster emission [46–49]52

and neutron-proton equilibration [50–54]. Because of the53

density gradient and the isospin migration, the neck zone pro-54

vides a beneficial environment to study the Esym(ρ) [52, 54].55

For more discussions about neck zone, one can refer to the56

review articles of heavy ion reactions from the experimental57

[38, 39, 55] and theoretic points of view [56–60].58

The emissions of light particles in coincidence with fission59

fragments is a natural idea for exploring the symmetry energy60

effect and (fast)fission properties in HIRs [40, 41]. Among61

the probes using the light charged particles (LCPs), the yield62

ratio of t/3He, written as R(t/3He), has been particularly63

identified to probe the enriched feature of isospin dynamics64

in HIRs. Transport model calculations demonstrate that the65

R(t/3He) at intermediate-energy HIRs depends on the stiff-66

ness of Esym(ρ) [21, 61]. At high-energy HIRs, R(t/3He) de-67

pends more sensitively on the value of Esym(ρ) [62] and68

the specific form of the interaction potential [25, 63], but is69

less dependent on the slope of Esym(ρ) [64]. In addition,70

R(t/3He) reflects the isospin dependent nucleon density in71

the reactions [43, 65, 66]. Experimentally, the yield ratios of72

various mirror nucleus pairs, including the R(t/3He), led to73

the discovery of isospin fractionation [67]. It has been sug-74

gested that more neutron-rich particles are emitted at mid-75
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rapidity, as inferred by the R(t/3He), which correlates posi-76

tively with the charge number of projectile-like fragments[43]77

but reversely with the center of mass energy [68]. Similarly,78

in high-energies HIR, the R(t/3He) reflects the neutron en-79

richment of the emission source[43, 69, 70] and isospin mix-80

ing during the collision [71]. Recently, the R(t/3He) has also81

been used to study the pick-up mechanism of pre-equilibrium82

light nucleus production in the pion scattering experiment83

[72]. Hence, the distribution of R(t/3He) relative to the fis-84

sion plane is a good prob to characterize the properties of fis-85

sion process and explore the properties of symmetry energy.86

Despite of the enormous progress of the studies on the tri-87

ton (t) and 3He emission, some questions remain unclear and88

require further studies. For example, when considering the89

spectra of 3He, there is an anomalous phenomenon that the90

yield of high energy 3He is relatively larger, compared to that91

of triton [73–77] or 4He [73, 75–78]. This phenomenon has92

been called “3He-puzzle” [73, 74, 77]. While the energy spec-93

tra are suffering “3He-puzzle”, the yield ratio of triton and94

3He is sensitive to the neutron-to-proton ratio (N/Z) of the95

emitting system [53, 70, 79, 80]. The excitation function of96

R(t/3He) measured by the FOPI collaboration [81] can not be97

reproduced with a single model [62]. More interestingly, the98

results of the INDRA experiment suggest that the triton and99

3He isobars seem to dominate the neutron enrichment of the100

neck zone [54]. However, the existence of “3He-puzzle” in101

the coincidence events of LCPs and fission fragments is still102

an uncertain issue.103

Due to the enriched but not-well-understood information104

carried by triton and 3He coupling to both the isospin trans-105

port and the neck emission during fission process in HIRs, we106

are motivated to explore the emission of these two isobars in107

coincidence with fission fragments by inspecting the energy108

spectra and the yield ratio R(t/3He) over wide angular range,109

and to bridge the ratio R(t/3He) and the feature of fission110

process, as well as to infer the slope parameter of Esym(ρ).111

In this article, the energy spectra of triton and 3He in coinci-112

dence with fission fragments at different angles are measured113

in the reactions of 86Kr+natPb at 25 MeV/u. The distributions114

of R(t/3He) with respect to the fission plane and as a function115

of the laboratory polar angle are analyzed. The comparison116

of the experimental data to the transport model simulation is117

discussed. The paper is organized as following. Section II118

and III present the experimental setup and the description of119

the transport model, respectively. Section IV is the results and120

the discussions, and section V is the summary.121

II. EXPERIMENTAL SETUP122

The experiment was conducted at the Compact Spectrom-123

eter for Heavy IoN Experiment (CSHINE) [82, 83], built at124

the final focal plane of the Radioactive Ion Beam Line at125

Lanzhou (RIBLL-I) [84]. The 86Kr beam of 25 MeV/u was126

extracted from the cyclotron of the Heavy Ion Research Facil-127

ity at Lanzhou (HIRFL) [85], bombarding a natural lead tar-128

get installed in the scattering chamber with the radius R ≈ 750129

mm. The target thickness is about 1 mg/cm2. Fig. 1130

φlab(deg)

θ
la

b
(d

eg
)

PPAC1
PPAC2

PPAC3

SSDT1

SSDT2
SSDT3

SSDT4

(a)

(b)

Fig. 1. (Color online) (a) The experimental setup of CSHINE. (b)
The spatial coverage of SSDTs and PPACs on θ − φ plane in labora-
tory reference frame.

presents the experimental setup (a) and the spatial coverage131

of the silicon-strip detector telescopes (SSDTs) and the par-132

allel plate avalanche counters (PPACs) (b).133

The LCPs from the reactions were measured by 4 SSDTs,134

covering the angular range from 10◦ to 60◦ in laboratory.135

Each SSDT consists of three layers, namely, one single-sided136

silicon-strip detector (SSSSD) for ∆E1 and one double-sided137

silicon strip detector (DSSSD) for ∆E2, backed by a 3 × 3138

CsI(Tl) crystal hodoscope with the length of 50 mm for the139

energy deposit E. The granularity of the SSDT is 4 × 4 mm2,140

giving about 1◦ angular resolution. The energy resolution of141

the SSDT is better than 2%, and the isotopes up to Z = 6142

can be identified [36]. Multi hits and signal sharing are care-143

fully treated in the track recognition, and the track recognition144

efficiency is about 90% [86]. Fig. 2 shows the particle iden-145

tification of light particles for this analysis. Panel (a) to (d)146

presents the scattering plot of ∆E2 − ECsI of the four SSDTs.147

The results show that Z ≤ 3 LCPs, including triton and 3He,148

were identified clearly in each SSDT, supporting the reliabil-149

ity of the experimental results.150

In order to explore the isospin properties of fission process,151

the fission fragments (FFs) were detected by 3 PPACs, each152

of which had a sensitive area of 240× 280 mm2 [87, 88]. The153

perpendicular distance of the PPACs to the target is about 428154

mm. The coverage of the PPACs ensures a high efficiency to155

measure the FFs in coincidence with the LCPs. And the trig-156

ger system is established to selected the fission events [89].157

The working voltage of the PPACs can suppress the light158

charged particles significantly, although the specific values of159

mass and charge for FFs were not accurately determined. Ac-160

cording to the previous source test results [82], the detection161

efficiency is almost 100% for FFs and negligibly low for light162
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Fig. 2. (Color online) ∆E2 − ECsI plots of the four SSDTs.

particles with the detector condition (HV=460 V) as adopted163

in the experiment. So, the PPACs can only be fired by heavy164

fragments, rather than LCPs or IMFs.165

Referring to the energy loss calculations only, the166

projectile-like fragments (PLF) and target-like fragments167

(TLF) may fire the PPACs as well. However, the geomet-168

ric coverage of the PPACs in the experiment suppresses the169

PLF and TLF. Otherwise because PLFs and TLFs are well170

separated in velocity (vPLF ≈ 6.8 cm/ns, vTLF ≈ 1.2 cm/ns171

at small linear momentum transfer or in peripheral reactions),172

one shall be able to see two components clearly on the veloc-173

ities of the two coincident fragments recorded in the PPACs.174

Indeed, the two-component feature is not visible in the ve-175

locity scattering plot (see Fig. 11 in [87]), it is safe and rea-176

sonable to speculate that the heavy fragments detected with177

PPACs in the experiment are mainly fission fragments.178

III. THEORETICAL MODEL179

A hybrid model by the improved quantum molecular dy-180

namics model (ImQMD05) coupled with statistical decay af-181

terburner (GEMINI) was used for theoretical simulation in182

this work. The ImQMD05 [90] was used to simulate the nu-183

cleon transport process in HIRs. And the GEMINI [91, 92]184

was appended to obtain the final state productions of the reac-185

tions. The ImQMD05 model is an improved version from the186

original quantum molecular dynamics code [93, 94], and is187

widely used to understand the dynamics of nuclear reactions188

induced by heavy ions or light nuclei at both low and inter-189

mediate energies [40, 41, 95–97]. The mean field part of the190

ImQMD05 model used here includes the symmetry potential191

energy part. And the local nuclear potential energy density192

functional in the ImQMD05 model is written as193

Vloc =
α

2
ρ2

ρ0
+
β

η + 1
ρη+1

ρ
η
0

+
gsur

2ρ0
(∇ρ)2 (1)

+
gsur,iso

ρ0
[∇(ρn − ρp)]2 + gρτ

ρ8/3

ρ5/3
0

+
Cs

2
ργ+1

ρ
γ
0

δ2,

where ρ, ρn and ρp are the density of nucleon, neutron and194

proton, respectively. δ = (ρn − ρp)/(ρn + ρp) is the isospin195

asymmetry degree. The parameters in Eq. (1) except Cs,196

which are listed in Table 1, are obtained directly from Skyrme197

interaction with MSL0 parameter set [98]. Cs is determined198

by the symmetry potential energy at saturation density. To-199

gether with different values of γ, one can get the MSL0-like200

Skyrme interaction with various density dependent symmetry201

potential energy. After scanning the impact parameter up to202

16.0 fm, the most probable weight of the fission events fil-203

tered by experimental conditions is located at 7.0 fm. Hence,204

the reaction was simulated with impact parameter in the range205

of 1.0 ≤ b ≤ 7.0 fm by a step of ∆b = 1.5 fm. At the end206

of the dynamical evolution in ImQMD05, setting at 500 fm/c,207

the minimum spanning tree (MST) algorithm [94, 99] was208

used to recognize the free nucleons and fragments formed in209

the evolution. Next, the statistical decay of excited fragments210

was performed with GEMINI afterburner. At last, the infor-211

mation of final state particles will be obtained.212

IV. RESULTS AND DISCUSSIONS213

A. Characterizing the fission events214

We start with the analysis of the orientation of the fis-215

sion plane with respect to the beam direction. The fission216

plane is reconstructed by the velocity of two FFs, using217

n⃗FF =
(⃗
vF1 × v⃗F2

)
/|⃗vF1 ||⃗vF2 | to denote the normal vector of the218

fission plane, as shown in Fig. 3 (a). Defining α1 as the angle219

between n⃗FF and the beam direction v⃗beam, one can charac-220

terize how much the fission plane deviates from the beam.221

The distribution of |cos(α1)| is peaked at 0 with a rather small222

width σα1 ≈ 6◦ , as shown in Fig. 3(b), inferring that the223

fission plane keeps approximately the memory of the initial224

angular momentum of the rotating system. With Z ≥ 10 as225

the condition to identify FFs for theoretical calculations, the226

transport model prediction about the distribution of |cos(α1)|227

is in rather agreement with the experiment. The scattering228

plots of folding angle vs. |cos(α1)| provide the information229

of fission and detection geometry. With the detector filter of230

PPACs on both θlab and ϕlab according to the setup, the ex-231

perimental folding angle in Fig. 3(c) can be approximately232

described by the model simulation in Fig. 3(d).233

The characteristics of this rotating fissioning system was234

obtained using the experiment data and theoretic simulations.235

First, to estimate its charge and mass, the linear momentum236

transfer (LMT) should be estimated experimentally. Assum-237

ing a symmetric fission processes, the velocity of the fission-238

ing system (FS) can be simply calculated by239
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TABLE 1. Parameter set used in the ImQMD05 calculations.

α β η gsur gsur,iso gρτ Cs ρ0

(MeV) (MeV) (MeV fm2) (fm2) (MeV) (MeV) (fm−3)
-254 185 5/3 21.0 -0.82 5.51 36.0 0.160

v⃗FS =
1
2

(⃗vF1 + v⃗F2), (2)

where v⃗F1 and v⃗F2 are the velocities of the two FFs, respec-240

tively. The LMT is defined as241

LMT =
Atar · vZ

FS

Apro · (vpro − vZ
FS)
, (3)

Here the subscripts pro and tar denotes the projectile and242

the target, respectively. vZ
FS is the projection of v⃗FS on the243

beam direction. As shown in Fig. 4, the distribution of the244

LMT derived from the experimental data is peaked in the245

vicinity of 0.4. The small peak below LMT < 0.2 is con-246

tributed by the fission events triggered by PPAC 1 and PPAC247

3. Accordingly, the typical charge and mass of the rotat-248

ing fission system are ZFS ≈ Ztar + Zpro · LMT = 96 and249

AFS ≈ Atar + Apro · LMT = 242.250

Second, to estimate the angular momentum of the rotating251

fission system, one needs the most probable impact parame-252

ter, which can determined by the event weigh obtained from253

transport model simulations filtered by experimental condi-254

tions. Defining the fission event weight by255

WF = b
nF

Ntot(b)
, (4)

𝒏𝐅𝐅 =

𝒗F𝟐

𝒗F𝟏

𝒗𝐋𝐂𝐏

𝒗𝐛𝐞𝐚𝐦

α1

α2

Fission plane

(a)

(c)

Exp.

(d)

ImQMD

Exp.

ImQMD0.5

(b)
𝒗F𝟏 × 𝒗F𝟐
|𝒗F𝟏||𝒗F𝟐|

|cos(α1)|

|cos(α1)||cos(α1)|

Fig. 3. (Color online) (a) Geometric diagram of fission plane of
FFs and LCP emission. (b) Angular distribution between the normal
vector n⃗FF of the fission plane and the beam direction v⃗beam. The
experimental (c) and simulation (d) results of the folding angle vs.
|cos(α1)| are shown in the bottom panels.

Fig. 4. (Color online) Experimental distribution of LMT.

W
F

b/fm

Fig. 5. (Color online) The weight of the fission events as a function
of impact parameter b in ImQMD05 simulations.

where nF is the number of fission events among Ntot events256

simulated at a given impact parameter b.257

Fig. 5 shows the distribution of WF, where the most proba-258

ble impact parameter bm is located in the vicinity of 7 fm.259

The distance between the transferred part of the projectile260

and the mass center of the fissioning system is defined as261

D = bm
Atar

Atar + Apro · LMT
, (5)

where bm = 7 fm, Atar = 208, Apro = 86 and LMT = 0.4,262

respectively.263

The angular momentum is written as264

J = Ppro · LMT · D, (6)

where Ppro = 18700 MeV/c and D ≈ 6 fm was derived with265

LMT = 0.4. Then, the angular momentum of the rotating266

system is approximately J ≈ 200 ℏ.267
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Third, to estimate the excitation energy of the rotating fis-268

sion system, the moment of inertia I of a spherical nucleus269

with the mass MFS is270

I =
2
5

MFSr2
FS, (7)

where rFS = 1.4A1/3
FS fm is the radius of the fissioning system.271

The rotating energy Erot = J2/2I ≈ 100 MeV is approxi-272

mately obtained. Ignoring the reaction Q value, the excitation273

energy could be extracted by274

E∗ = Ei
kin − Ef

kin − Erot, (8)

where Ei
kin and Ef

kin are the initial state kinetic energy and275

the final state kinetic energy, respectively. Approximately,276

one has E∗ ≈ 600 MeV. The excitation energy is close to277

the one of the fission system formed in 25 MeV/u Ar+Au at278

LMT ≈ 80%, where the E∗ was calculated by the pre-scission279

α multiplicity [100]. For additional properties of fission sys-280

tems, such as Viola systematics and angular distribution of281

the fission axis, please refer to our previously published pa-282

per [87].283

B. Analysis of the energy spectra of t and 3He284

We now present the analysis of the emission of triton and285

3He in the (fast)fission events. The energy spectra of LCPs in286

coincidence with FFs contain thermal and dynamical infor-287

mation of the particles emitted from the fission events. Fig.288

6 presents the energy spectra of triton (open circles) and 3He289

(open triangles) emitted from fission events in different an-290

gular ranges corresponding to SSDTs 2 to 4. To reduce the291

contamination of quasi-projectiles, the data of SSDT1 cover-292

ing 10− 20◦ in the laboratory is not counted here. It is shown293

that the spectrum of 3He is generally harder than that of tri-294

ton, leading to a larger average kinetic energy of the former.295

The difference between triton and 3He is more pronounced at296

forward angles than at large angles. This observation of “3He-297

puzzle” is in accordance with the previous inclusive measure-298

ments at high beam energies [73, 75–77, 81, 101–104].299

TABLE 2. Energy peak position Ep of triton and 3He for SSDT 2 to
4.

SSDT2 SSDT3 SSDT4
Ep of triton (MeV) 45 40 19
Ep of 3He (MeV) 62 58 38

The “3He-puzzle” has been interpreted by two possible sce-300

narios: sequential decay [74] and coalescence model [78]. In301

the sequential decay scenario, the difference between 3He and302

triton is influenced by the Coulomb barrier, for which 3He is303

emitted at an earlier stage with high temperature to overcome304

(a) SSDT2 (b) SSDT3 (c) SSDT4
[20°, 30°] [30°, 40°] [40°, 60°]

t
3He

Fig. 6. (Color online) The experimental energy spectra of triton (cir-
cle) and 3He (triangle) in 20◦ ≤ θlab ≤ 60◦ covered by SSDT2 to
SSDT4 in coincidence with two FFs. The arrows represent the peak
position of each experimental energy spectrum.

the Coulomb barrier higher than that of triton [74]. In coa-305

lescence scenario, which was applied to interpret the differ-306

ence between 3He and α particles [78], the former is domi-307

nantly produced by the coalescence of preequilibrium nucle-308

ons, delivering larger mean kinetic energy. These two expla-309

nations are qualitatively in agreement, supporting that 3He is310

predominantly emitted at earlier stage. Our experimental re-311

sults show that the “3He-puzzle” exists in the events tagged312

by fission. It suggests that the puzzle exists in both inclusive313

and fission events.314

C. Out-of-plane emission and the effect of Esym(ρ)315

Benefiting from the wide angular coverage of the SSDTs316

and PPACs in laboratory reference frame, the angular behav-317

ior of the particle emission can be analyzed. To compare the318

yields of particles with different energy spectrum behaviors319

and avoid the influence of the possible experimental distor-320

tion caused by the energy threshold in each SSDTs, a data321

adaptive energy spectrum peak cut scenario is applying. We322

focus on the descending part on the high energy side of the en-323

ergy peak. The energy peak positions (Ep) are listed in Table324

2. Meanwhile, using the energy condition E ≥ Ep as the low325

limit cut, one can suppress the interference of the evaporation326

process and emphasize the feature of the dynamic emission.327

The angular distribution of R(t/3He) as a function of the328

polar angle in laboratory θlab is generated with events of329

one LCP in coincidence with two FFs, as shown in Fig.330

7. The same energy threshold, geometry and folding an-331

gle cuts are applied to both experimental and simulation re-332

sults. It is shown that for the wide angular range, the dis-333

tribution exhibits a rising trend. This feature is consistent334

with the moving source picture, where the neutron rich-335

ness of particle emission increases from the projectile-like336

source to the medium velocity source corresponding to the337

neck, as predicted by various transport model simulations338

[40, 41, 46, 48, 49, 51, 105–109], and experimentally ob-339

served in a specific angular window [42, 45, 50, 54, 79, 110–340

112] or a parallel velocity window [45, 79, 80, 113–118].341

In order to see the symmetry energy effect, a soft (γ =342

0.5) and a stiff (γ = 1.0) symmetry energy are adopted in343
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the ImQMD05 simulations. These two γ values correspond344

to slope parameter of Esym(ρ) with L = 51 and 77 MeV at ρ0,345

respectively. Although the predicted value of R(t/3He) is far346

off to the experiment, the rising trend of R(t/3He) as a func-347

tion of θlab was reproduced by model simulations in both γ348

cases. In order to quantify the increasing rate, the function of349

f (x) = e(p0+p1 x) is applied to fit the data and the model predic-350

tions, respectively. The parameter p1 describes the increas-351

ing rate of R(t/3He) to θlab. As shown in Fig. 7, the rising352

trend depends on γ. Visibly, a softer Esym(ρ) causes a rela-353

tive larger increasing rate. When comparing the fitting results354

between experiment and model in Table 3, the value of ex-355

perimental p1 is marginally located between γ = 0.5 and 1.0.356

Nevertheless, the large uncertainty here reduces the sensitiv-357

ity and hinder to make a convincing constraint of Esym(ρ).358

Exp.

ImQMD γ0.5

ImQMD γ1.0

Fig. 7. (Color online) The ratio R(t/3He) as a function of θlab. The
black solid squares and black line represent the experiment data and
fitting result with E ≥ Ep cuts in coincidence with fission events.
The red and blue cross markers represent the ImQMD05 calculations
data of γ = 0.5 and 1.0 in the inset. The red dot and blue dash lines
are the fitting results of γ = 0.5 and 1.0 which is normalized with
experimental fitting result of p0.

TABLE 3. Fitting results of the ratio R(t/3He) as a function of θlab

using f (x) = e(p0+p1 x)

p0 p1

Experiment 1.25±0.06 0.018±0.002
γ=0.5 0.75±0.08 0.021±0.002
γ=1.0 0.54±0.09 0.018±0.002

It is then motivated to go a further step to find a novel359

probe, of which the fission event topology is better controlled360

and the sensitivity on Esym(ρ) can be enhanced. Fig. 8361

presents the angular distribution of R(t/3He) with respect to362

the fission plane. The α2 on the abscissa is the relative angle363

between n⃗FF and the velocity of the coincident triton or 3He364

v⃗LCP as shown in Fig. 3 (a), with | cos(α2)| = 0 (1) correspond-365

ing to in-plane (out-of-plane) emission. Again, the same cuts366

are applied for both experimental and theoretical results. The367

increasing trend of R(t/3He) with | cos(α2)| indicates that the368

neutron rich particles emitted from out-of-fission-plane is en-369

hanced. This phenomenon is the consequence of the competi-370

In-plane

Out-plane

Exp.

ImQMD γ0.5

ImQMD γ1.0

Fig. 8. (Color online) The ratio R(t/3He) as a function of | cos(α2)|.
The black solid squares and black line represent the experiment data
and fitting result. The red and blue cross markers represent the the-
oretical calculations data of γ = 0.5 and 1.0 in the inset. The red dot
and blue dash lines are the fitting results of γ = 0.5 and 1.0 which is
normalized with experimental fitting result of p0

.

TABLE 4. Fitting results of R(t/3He) as a function of | cos(α2)| using
f (x) = p0 + p1 x4.

p0 p1

Experiment 5.8±0.2 5.5±1.6
γ=0.5 4.5±0.1 2.3±1.1
γ=1.0 3.0±0.1 6.8±1.8

tion between the isospin migration and the centrifugal motion371

of the particles in the rotating fission system. When the reac-372

tion system is viewed as a rotating emission source, particles373

emitted near the fission plane are subjected to stronger cen-374

trifugal potential during the emission process, weakening the375

difference between neutrons and protons under the isovector376

potential. From the in-plane to out-of-plane, more neutron377

rich particles are emitted due to the effect of isospin fraction-378

ation [67], indicating that the effect of the isovector potential379

becomes more significant compared to centrifugal potential.380

This observation gives us the chance to explore the properties381

of isospin transport and the density dependence of Esym(ρ) in382

(fast)fission reactions.383

Similarly, to describe the increasing trend of the angular384

distribution of | cos(α2)|, the function of f (x) = p0 + p1x4 is385

used to fit data and the simulations. Again, p0 is far off to the386

experiment due to the clustering difficulty of transport model,387

but the parameter p1 can be used to describe the increasing388

rate of the ratio with out-of-plane angle. In Fig. 8, the fitting389

curves exhibit a different increasing behavior between γ = 0.5390

and 1.0, indicating that the enhancement of neutron rich par-391

ticle emission out of fission plane is sensitive to the form of392

Esym(ρ). Inspecting the increasing curves and the values of p1393

as listed in Table 4, one finds that the experimental increas-394

ing rate situates between the theoretical prediction with γ =395

0.5 and 1.0, in accordance with the conclusion of our previ-396

ous work [36], where a totally different probe was used. The397
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comparison seems to exclude very soft (γ <0.5) and very stiff398

(γ >1.0) candidates of symmetry energy. The results indi-399

cate that the ratio R(t/3He) as a function of | cos(α2)| seems400

to be a sensitive probe for density dependent symmetry en-401

ergy, especially in the larger | cos(α2)| range, which is very402

close to the boundary of the current detector coverage. Hence,403

more events in the larger | cos(α2)| range are preferentially re-404

quested in the further experiments. Data analysis of a new405

measurement of 86Kr+124Sn at 25 MeV/u is ongoing [119].406

Fig. 9 shows in addition the relationship between | cos(α2)|407

and θlab with the experiment events of triton in coincidence408

with two fission fragments. Visibly, there is a weak positive409

correlation between | cos(α2)| and θlab. The origin of the cor-410

relation is partly due to the fact that the azimuth coverage of411

the PPAC is quite limited. With such weak correlation, one in-412

fers that the two distributions shown in Fig. 7 and Fig. 8 have413

their own implications. Namely, the distribution of R(t/3He)414

as a function of θlab indicates that the low density and neu-415

tron rich medium velocity emission source (neck) is formed,416

while the distribution of R(t/3He) as a function of | cos(α2)|417

characterizes the fine out-of-plane properties of the isospin418

transport in a fissioning process. Upon comparing the results419

presented in Table 3 and Table 4, it becomes evident that the420

enhancement of R(t/3He) vs. | cos(α2)|, particularly at larger421

out-of-plane angles, appears to be a more sensitive probe for422

studying nuclear symmetry energy than the polar angular dis-423

tribution of R(t/3He). In another word, in the properly charac-424

terized fission events, the effect of Esym(ρ) can be magnified,425

supporting the previous predictions by transport model simu-426

lations [40].427

Currently we do not attempt to make a fine tuning and con-428

straint of γ parameter in the simulations, since the absolute429

value of R(t/3He) is not yet well reproduced, as indicated by430

Fig. 7 and 8. Further studies are required in transport model431

in order to elucidate the origin and the formation mechanism432

of light clusters including triton and 3He. Recently, the yield433

of light clusters is better reproduced by introducing Mott ef-434

fect in transport model [120]. Meanwhile, the cooling pro-435

|cos(α2)|

Fig. 9. (Color online) The scattering plot between | cos(α2)| and lab-
oratory angle with the experiment events of triton in coincidence
with two fission fragments.

cess of the rotating fissioning system with similar E∗ and J436

is of high interest. We are going to make further calculations437

on particle emission from a rotating system with inclusion of438

deuteron, triton and 3He apart of neutron, proton and α par-439

ticles, as done in [121]. The emission of other particles than440

A=3 isobars may bring significant effect to the featured dis-441

tribution of the latter in the cooling process of the fissioning442

system.443

V. SUMMARY444

The energy spectra and angular distributions of triton and445

3He ranging from 20◦ to 60◦ in the laboratory in coincidence446

with fission fragments are analyzed in 25 MeV/u 86Kr +natPb447

reactions. It is shown that the energy spectra of 3He are gen-448

erally harder than triton even in the fission events, and the449

effect is more pronounced at small angles. Applying a data450

driven energy spectrum peak cut scenario, the rising trend451

of angular distribution of R(t/3He) is observed in the coinci-452

dent events of one LCP and two FFs, which is consistent with453

previous inclusive observations. The yield ratio R(t/3He) ex-454

hibits an enhancement as a function of | cos(α2)|, evidencing455

more neutron rich particles emitted from out-of-fission-plane.456

With a qualitative comparison with ImQMD05 simulations,457

the enhancement of neutron rich particle emission from out-458

of-fission-plane seems to be a novel probe for nuclear symme-459

try energy. More measurements at large out-of-fission-plane460

angles and further theoretic investigations are required for a461

stringent constraint of Esym(ρ).462
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