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Abstract

The mass dependence of the transverse flow for Z=1-5 fragments from the collisions of 40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni

at 47 MeV/nucleon is investigated experimentally in this article. The transverse flow values are determined using the in-plane

components of the fragment transverse momenta, where three conventional methods, i.e., the kinetic flow tensor method, the

transverse momentum analysis method, and the azimuthal correlation method, are applied to reconstruct the reaction plane in an

event-by-event basis. It is demonstrated from the comparison of the present experimental mass dependent flow measurements and

the model simulations using an improved antisymmetrized molecular dynamics model, that the experimentally observed abnormal

α transverse flow enhancement is closely related to the reaction plane reconstruction procedure in the flow extraction. We further

investigate the physical existence of the abnormal α flow behavior using a two-particle azimuthal correlation method, which allows

to provide the relative flow magnitude information with an identification of fragment charge number without the knowledge of

the reaction plane differing from the three conventional methods. It is found that the relative flow magnitudes deduced from the

two-particle azimuthal correlation functions with an identification of Z, with the correction for the recoil effect imposed by the

momentum conservation, show a monotonically increasing trend as function of fragment charge number, with no exception of the α

flow enhancement. These results, in addition to those from the improved antisymmetrized molecular dynamics model simulations,

definitely provide experimental evidences for the inexistence of the abnormal α flow behavior in the heavy-ion collisions at the

present incident energy region in nature.

1. Introduction1

The study of transverse flow is of great importance in nu-2

clear physics, as it helps to constrain key parameters in nuclear3

physics, such as the nuclear equation of state (EOS), effective4

nucleon-nucleon (NN) interaction and the in-medium NN cross5

sections etc, and elucidate the mechanism of reaction dynam-6

ics, comparing the experimental results to dynamical calcula-7

tions [1, 2, 3, 4, 5, 6]. The transverse flow, also known as di-8

rected flow, is usually considered as a one-body observable [7].9

In the heavy-ion collisions at intermediate energies, fragments10

with Z ≥ 2 are copiously produced and they also carry abundant11

information on the characteristic feature of the reaction dynam-12

ics similar to free neutrons and protons. To gain insights into13

the transverse flow for the fragments, efforts have been made to14
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measure the flow exclusively with the identification of mass (or 15

charge) numbers of fragments in the heavy-ion collisions [8, 9]. 16

As a consequence, a significant dependence of transverse flow 17

on fragment mass in a wide mass range has been observed, that 18

is, the measured flow increases smoothly as the fragment mass 19

increases, except for an abnormal flow enhancement for α par- 20

ticles [8, 9]. 21

Recently, we studied the mass dependence of the transverse 22

flow in the 40Ca+40Ca collisions at 35 MeV/nucleon, and ob- 23

served a similar abnormal α flow enhancement [10]. This ab- 24

normal α flow behavior could not be explained by the interplay 25

between the thermal and collective motions under a momen- 26

tum conservation. We further examined possible origins for 27

the observed abnormal α flow behavior in the aspects of re- 28

action dynamics, sequential decay process, experimental detec- 29

tion and off-line data analyses [11], within the framework of 30
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an improved antisymmetrized molecular dynamics model with31

the specific consideration of the Fermi motion in the NN col-32

lisions (AMD-FM) [12, 13]. In that work, it was found that33

the abnormal α flow behavior is closely related to the imperfect34

reconstruction of the reaction plane in the flow extraction [11].35

The aim of this article is to experimentally investigate the36

correlation of the abnormal α flow behavior and the reaction37

plane reconstruction, and to further clarify whether the experi-38

mentally observed abnormal α flow behavior exists physically.39

In this work, the transverse flow values for the fragments with40

different masses are first extracted using the in-plane compo-41

nents of the fragment transverse momenta from the collisions of42

40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni at 47 MeV/nucleon. The43

kinetic flow tensor method [14], the transverse momentum anal-44

ysis method [15, 16], and the azimuthal correlation method [17]45

are applied for the reaction plane reconstruction in an event-by-46

event basis, respectively. The sensitivity of the transverse flow47

dependence on the fragment mass to the selection of the reac-48

tion plane reconstruction method is carefully examined in the49

three reaction systems. The physical existence of the experi-50

mentally observed abnormal α flow behavior is discussed based51

on the present experimental flow measurements and the AMD-52

FM simulations. To date, some powerful techniques, i.e., the53

two-particle azimuthal correlation method of Wang et al. [18],54

the transverse momentum analysis technique of Danielewicz et55

al. [19] etc, have been developed to deduce the flow informa-56

tion without reconstructing the reaction plane. Here, we choose57

the two-particle azimuthal correlation method to further pursue58

the question of the physical existence of abnormal α flow be-59

havior. The article is organized as follows. In Sec. 2, the exper-60

iment and data analysis are briefly described, in which the three61

reaction plane reconstruction methods are specified. In Sec. 3,62

the flow results experimentally deduced using the reconstructed63

reaction planes and using the reaction plane-free two-particle64

azimuthal correlation method, as well as those from the AMD-65

FM simulations, are presented and discussed. Summary and66

prospectives are given in Sec. 4.67

2. Experiment and data analysis68

a. Experimental setup and particle identification69

The experiment was performed at the Cyclotron Institute,70

Texas A&M University. 40Ar beams delivered from the K50071

superconducting cyclotron impinged on the 27Al, 48Ti and 58Ni72

targets at an incident energy 47 MeV/nucleon. The reaction73

products were detected using a 4π array, NIMROD-ISiS (Neu-74

tron Ion Multidetector for Reaction Oriented Dynamics with the75

Indiana Silicon Sphere) [20], consisting of a charged particle ar-76

ray combined with the Texas A&M Neutron Ball [21] outside.77

The charged particle array consisted of 14 concentric detector78

rings covering 3.6◦ to 167◦ in the laboratory frame. Twelve to79

twenty-four charged particle detector modules were set in each80

detector ring. In each of the forward rings at θlab ≤ 45◦, two81

special modules (referred as super telescopes) were set having82

two Si detectors (150 and 500 µm) in front of a CsI(Tl) detector83

(2.8-10.0 cm long). The other modules in the forward and back- 84

ward rings had one Si detector (either 150, 300 or 500 µm) fol- 85

lowed by a CsI(Tl) detector (referred as single telescope). The 86

pulse shape discrimination method for the fast and slow compo- 87

nents of the CsI light output provided the isotopic identification 88

of the light charged particles with Z ≤ 2 (LCPs), and the energy 89

loss versus remaining energy in Si-CsI and Si-Si provided the 90

identification of the intermediate mass fragments with Z > 2 91

(IMFs). Isotopic resolution of the IMFs was achieved up to 92

Z=8, and elemental identification was achieved for all detected 93

fragments, for the super telescopes. The IMFs detected in the 94

single telescopes were typically identified up to Z=14 in atomic 95

number. The neutron ball surrounding the charged particle ar- 96

ray was also used to determine the neutron multiplicity in an 97

event-by-event basis during the experiment, although the neu- 98

tron data were not used in the present work. Details about the 99

experimental setup, and basic observables obtained from the ex- 100

periment such as energy spectra and particle multiplicities have 101

been presented in Refs. [22, 23]. 102

b. Event characterization 103

The events measured are first subjected to an off-line event 104

filter, requiring that the detected Ztot ≥ 50% × Zsys, where Ztot 105

and Zsys are the total detected charge number in each event and 106

the charge number of the reaction system, respectively. The 107

collision centrality of the remaining events is evaluated utiliz- 108

ing the charged particle multiplicity detected in the forward 109

hemisphere in the center-of-mass frame, taking the advantage 110

of the good isotopic and elemental resolutions in the forward 111

rings. Following Refs. [24, 25], the relationship between the 112

charged particle multiplicity Nch and the reduced impact pa- 113

rameter b/bmax can be written as 114

(b/bmax)
2 =

∫ ∞

Nch

dP(Nch)

dNch

· dNch, (1) 115

where b and bmax are the impact parameter and the maximum 116

impact parameter, respectively. bmax is normally taken as the 117

summation of the radii of the projectile and the target nuclei, 118

where Rpro j(targ) = 1.2A
1/3
pro j(targ)

. dP(Nch)/dNch is the normal- 119

ized probability distribution for a given Nch with
∫ ∞

1

dP(Nch)

dNch
· 120

dNch ≡ 1. Figure 1 shows (a) the normalized Nch distribu- 121

tions and (b) b/bmax versus Nch obtained from Eq. (1), for the 122

three reaction systems, 40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni 123

from the left to the right, respectively. Since the transverse 124

flow appears strongest in the semi-central collisions [2, 26, 27], 125

the events with b/bmax=0.3-0.7 are selected for the present flow 126

analysis. The corresponding Nch intervals for the event selec- 127

tion are mapped out from the panels (b) of Fig. 1 to be 4-7, 5-8 128

and 6-9 for 40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni, respectively. 129

c. Reaction plane reconstruction 130

The reaction plane is defined geometrically by the momen- 131

tum vector of the projectile and the impact parameter vec- 132

tor. Four methods have been proposed for reconstructing133
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Figure 1: (a) Normalized charged particle multiplicity Nch distributions. (b) Reduced impact parameter b/bmax versus Nch evaluated using Eq. (1). Left, middle and

right subfigures are from the systems of 40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni, respectively.

the reaction plane in the literature, i.e., kinetic flow tensor134

(KFT) method [14], transverse momentum analysis (TMA)135

method [15, 16], azimuthal correlation (AC) method [17], and136

projectile-like fragment plane (PFP) method [28, 29].137

Historically, the KFT method was the first proposed. For138

each event the 3×3 kinetic-flow tensor in the Cartesian coordi-139

nate is defined as140

Fi j =
∑

ν

ω(ν)Pi(ν)P j(ν) i, j = x, y, z, (2)141

with Pi(ν) being the components of the momentum vector of142

the νth particle in the event. ω(ν) is the scalar weight factor and143

often taken to be 1/m(ν) with m(ν) being the mass of the parti-144

cle. The summation runs over all particles in the entire event. In145

heavy-ion collisions, Fi j represents a volume with a cigar-like146

shape in general. The tensor is symmetric in the way defined147

and hence determined by six independent values. Diagonaliza-148

tion allows the determination of the three eigenvalues, λi (i=1,149

2 and 3). The angle between the eigenvector ~e1 associated with150

the largest eigenvalue λ1 and the beam axis defines the flow151

angle, and therefore, the reaction plane is defined as the plane152

constraining ~e1 and the beam axis. The positive direction of the153

in-plane x-axis is defined by the direction of the ~e1 component154

perpendicular to the beam axis.155

Danielewicz et al. later proposed the TMA method to recon-156

struct the reaction plane [15]. In the standard TMA method,157

a vector ~Q, defining the reaction plane together with the beam158

direction, is constructed from the transverse momenta of parti-159

cles,160

~Q =
∑

ν

ω(ν) ~Pt(ν), (3)161

where ~Pt(ν) is the transverse momentum of the νth particle.162

The scalar weight factor ω(ν) is positive for particles emitted 163

at the forward hemisphere in the center-of-mass frame and neg- 164

ative otherwise. Typical values for |ω(ν)| are taken to be 1.0 165

or m(ν), the mass of the νth particle. In this work, the former, 166

|ω(ν)| = 1.0, is adopted. The summation in the equation is 167

taken over the particles in each event. The ~Q direction defines 168

the positive direction of the in-plane x-axis. Since the trans- 169

verse momentum for a given particle, namely particle of inter- 170

est (POI), is used both for the reaction plane reconstruction and 171

for the projection, autocorrelation is involved [16], leading to 172

the POI being assessed to be emitted closer to the reconstructed 173

reaction plane. The autocorrelation effect can be amplified by 174

the loss of information due to the incomplete detection of the 175

particles in one event. To avoid the autocorrelation, the POI is 176

removed from the summation of Eq. (3) in practice [16], so that 177

different reaction planes are assigned for different particles in a 178

given event. The reconstructed reaction plane after taking into 179

account the autocorrelation effect is referred to “one reaction 180

plane per particle” elsewhere [17]. It should be emphasized that 181

the KFT method does not consider the autocorrelation effect in 182

its original form, since it was designed to fit the distribution of 183

promptly emitted particles using a spheroid, and the angle de- 184

termined by the eigenvector of the long axis ~e1 and the beam 185

axis can be treated to be the absolute flow angle itself. Later 186

in the flow study of Cussol et al. [9], the KFT method was im- 187

proved with specific consideration for the autocorrelation effect 188

by removing the POI from the summation in Eq. (2). Following 189

Ref. [9], the one plane per particle prescription is also used in 190

the reaction plane reconstruction with the KFT method in the 191

present work. 192

In the AC method [17], the deviation of the particles from the 193

reaction plane in the momentum space D2 for a given event is 194

introduced using a parameter k, which is taken as the slope of 195

the projection line of the reaction plane onto the x − y plane in 196

the coordinate. D2 is defined by the summation of the perpen-197
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Figure 2: (Color online) Average in-plane momentum per nucleon 〈Px/A〉 as a function of the scaled rapidity Y/Ypro j for Z = 1 − 5 fragments from the 40Ar+27Al,
40Ar+48Ti and 40Ar+58Ni reaction systems. Top, middle and bottom panels in each subfigure are the results from the reaction planes reconstructed using the KFT,

TMA and AC methods as indicated on the left panels. Solid lines represent the linear fits for the data in the region of −0.2 ≤ Y/Ypro j ≤ 0.4.
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Figure 3: (Color online) Flow as a function of Z from (a) 40Ar+27Al, (b) 40Ar+48Ti and (c) 40Ar+58Ni. Solid dots, squares and triangles represent the experimental

results obtained from the reaction planes reconstructed using the KFT, TMA and AC methods, respectively, whereas those from the filtered AMD-FM+Gemini

events are correspondingly shown by circles, open squares and open triangles.

dicular squared distance between that line and the momentum198

position of each particle in the x − y plane such that199

D2 =
∑

ν,POI

[

Px(ν)2 + Py(ν)
2 −

[Px(ν) + kPy(ν)]2

1 + k2

]

. (4)200

In Eq. (4), the POI is excluded from the summation over the201

fragments to avoid the autocorrelation [17], similar to the case202

of the TMA method. Differing from the KFT and TMA meth-203

ods, the AC method is not able to provide the positive direction204

of the in-plane x-axis [17]. An additional technique must be205

used to determine the in-plane x-axis positive direction. In this206

work, the TMA method is applied as a supplemental method for207

the AC method following Ref. [17], permitting the consistency208

for reconstructing the reaction plane per particle.209

The PFP method makes the use of only the kinematic in-210

formation of projectile-like fragments. As demonstrated in211

Refs. [10, 29], the particles emitted from the excited projectile-212

like fragment may carry out-of-plane momenta which make the213

detected projectile-like fragment azimuthal direction different214

from the primary reaction plane, resulting in a poor reaction215

plane reconstruction. As the focus of this work is on accuracy216

of the reaction plane reconstruction, the PFP method is not used217

in this work, and all the other three, KFT, TMA and AC meth-218

ods, explicitly taking into account the autocorrelation effect in219

the reaction plane reconstruction procedures, are applied in the220

following flow deduction from the in-plane components of frag-221

ment transverse momenta.222

3. Results and discussion223

a. Transverse flow deduced from in-plane components of224

fragment transverse momenta and experimental observa-225

tion of abnormal α flow behavior226

Transverse flow can be quantified from the in-plane trans-227

verse momenta using two equivalent definitions in general, i.e.,228

slope flow [2, 3] and average in-plane transverse momentum229

flow [31]. Having the knowledge that both definitions are appli- 230

cable for the absolute flow magnitude measurement, we adopt 231

the definition of the slope for this work. For a certain type of 232

fragments with mass number A, the transverse flow is calculated 233

as [2, 3], 234

Flow =
d〈Px/A〉

dY

∣

∣

∣

∣

∣

Y=0

, (5) 235

where Px and Y are the in-plane transverse momentum and the 236

rapidity in the center-of-mass frame, respectively. Y is given by 237

Y =
1

2
ln

E + c · Pz

E − c · Pz

, (6) 238

where E and Pz are, respectively, the total energy and the lon- 239

gitudinal momentum in the center-of-mass frame. c is the ve- 240

locity of light. In the practical analysis, the rapidity is scaled 241

by the center-of-mass rapidity of the projectile [32], so that the 242

projectile has Y/Ypro j = 1 and the mid-rapidity region is around 243

Y/Ypro j = 0 in the center-of-mass frame. Unlike the case of 244

model simulations for which the reaction planes are initially set 245

and known, the reconstruction of the reaction plane in an event- 246

by-event basis is demanded as a key intermediate procedure for 247

deducing the flow values from the experimental events. 248

Figure 2 shows the average in-plane momentum per nucleon 249

〈Px/A〉 as a function of the scaled rapidity Y/Ypro j for Z = 1−5 250

fragments for the reaction systems of 40Ar+27Al, 40Ar+48Ti and 251

40Ar+58Ni from the top to the bottom, respectively. The results 252

with the 〈Px/A〉 values evaluated in the reaction planes recon- 253

structed using the KFT, TMA and AC methods are shown in 254

the top, middle and bottom rows of each subfigure. The solid 255

lines in the figure represent the linear fits to the data in the mid- 256

rapiditiy region of −0.2 ≤ Y/Ypro j ≤ 0.4. Positive flow val- 257

ues are obtained from all the fits. The positive transverse flow 258

values obtained are due to the application of the three reaction 259

plane reconstruction methods [2, 3]. Since negative flow is ex- 260

pected due to the dominance of attractive mean field interac- 261

tion at the present incident energy of 47 MeV/nucleon below 262

the balance energy [9], negative signs are added in front of the 263
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Figure 4: (Color online) Comparison of linear fits to average in-plane momen-

tum per nucleon 〈Px/A〉 as a function of the scaled rapidity Y/Ypro j for Z = 1−3

fragments from the 40Ar+48Ti system. The results are same as those of Fig. 2,

but shown in an expanded scale along the Y-axis. Left, middle and right panels

are those deduced using the KFT, TMA and AC methods, respectively.

extracted flow values. The obtained negative flow values are264

plotted as a function of Z in Fig. 3(a)-(c) for the three systems.265

Dots, squares and triangles in each panel represent the results266

obtained from the reaction planes reconstructed using the KFT,267

TMA and AC methods, respectively. The error bars shown are268

from the linear fits.269

Most strikingly, rather good agreements, independent of the270

reaction systems, are observed for the transverse flow trends271

obtained using all the three reaction plane reconstruction meth-272

ods. That is, using the KFT, TMA and AC methods for the273

three systems, the obtained flow trends all show non-monotonic274

increase as a function of Z with an abnormal α flow enhance-275

ment consistently. This consistency is clearly demonstrated in276

Fig. 4, in which the fits for the KFT, TMA and AC methods are277

compared in an expanded scale along the 〈Px/A〉-axis, taking278

the results for Z=1,2,3 fragments from 40Ar+48Ti as an exam-279

ple. For all the three methods, the fitting slopes for Z=1 and280

3 fragments are very similar to each other, whereas that for α281

particles shows significantly steeper. Our present results are in282

close agreement with the previous observations of the abnormal283

α behavior in Refs. [9, 10], where either the TMA method or the284

AC method was used for reconstructing the reaction planes as285

well. The consistency both in mass-dependent pattern and in286

flow magnitude for all the three reaction plane reconstruction287

methods, holding for all the three reaction systems, confirms288

the existence of the experimentally obtained abnormal α flow289

behavior following the present flow extraction procedures.290

b. Inference for whether abnormal α flow behavior physi-291

cally exists using AMD-FM simulations292

In this subsection, an improved antisymmetrized molecular293

dynamics model in which the Fermi motion in the NN collision294

process has been taken into account explicitly, AMD-FM [13],295

is applied to investigate the physical existence of the abnor-296

mal α flow behavior. The selection of the AMD-FM is due 297

to its success in describing both energy spectra and angular 298

distributions of LCPs from heavy-ion collisions at intermedi- 299

ate energies [11, 13, 33], which is crucial for the present flow 300

analysis. Around 150,000 events for 40Ar+27Al, 40Ar+48Ti and 301

40Ar+58Ni at 47 MeV/nucleon are simulated, respectively. The 302

impact parameter for the simulations is adopted in the range of 303

b/bmax=0.3-0.7 to maintain the consistency with those of the 304

experimental analysis. The Gogny interaction [34] for the ef- 305

fective NN interaction and the in-medium cross sections of Li 306

and Machleidt [35] are used for the NN collisions. The time 307

evolution of the wave packets is computed up to 300 fm/c, 308

and primary hot fragments at 300 fm/c are recognized using 309

a coalescence technique with a coalescence radius of 5.0 fm 310

in coordinate space. When the simulated results are compared 311

with those of the experiment, the Gemini code [36] is used to 312

statistically de-excite the hot fragments same as our previous 313

work [33]. The primary events directly from the AMD-FM and 314

those incorporating Gemini are denoted as the AMD-FM events 315

and the AMD-FM+Gemini events hereinafter, respectively. To 316

make direct comparison with the experimental data, the AMD- 317

FM+Gemini events are further filtered using a software replica 318

of the NIMROD-ISiS array. 319

The flow values for Z=1-5 fragments are extracted from the 320

filtered AMD-FM+Gemini events using the same analysis pro- 321

cedure as the experimental data, and are compared with them in 322

Fig. 3, where the former are presented by open symbols. Over- 323

all good agreements in the mass-dependent trend and magni- 324

tude are achieved between the flow values from the experiment 325

and the filtered AMD-FM+Gemini events, though some slight 326

deviations are observed beyond the error bars. These results 327

demonstrate that the AMD-FM+Gemini simulations with a 328

proper consideration of the NIMROD-ISiS filter are capable of 329

reproducing the experimentally obtained flow mass-dependent 330

trend reasonably well. Therefore, it is obvious to ask whether 331

any abnormality of the α flow is suggested by the initial AMD- 332

FM events. 333

In Fig. 5, the initial flow values are plotted by dots as a 334

function of Z for the system of 40Ar+48Ti as a typical exam- 335

ple, where they are extracted simply using the in-plane frag- 336

ment momenta without using any reaction plane reconstruction 337

methods. One may clearly observe that the initial flow shows a 338

monotonic increase in the negative direction as mass increases 339

without α flow enhancement. The same absence of the abnor- 340

mal α flow behavior is also found in the other two systems. In 341

one of our previous works [11], similar absence of the abnormal 342

α flow behavior was also observed in the collisions of 40Ca+ 343

40Ca at 35 MeV/nucleon simulated by the AMD-FM and the 344

constrained molecular dynamics (CoMD) model [37]. For com- 345

parison, the extracted flow values from the AMD-FM events 346

with the three reaction plane reconstruction methods are plotted 347

in the figure. All these results show essentially the same flow 348

characteristics with pronounced abnormal α flow enhancement 349

as those derived from the experimental data, once the procedure 350

of reaction plane reconstruction is involved in the flow extrac- 351

tion. The dependence of the α flow enhancement upon the ap- 352

plication of reaction plane reconstruction method here strongly 353

suggests that the experimentally observed “abnormal” α flow354

6



1 2 3 4 5

Z

40−

30−

20−

10−

0

F
lo

w
 (

M
e
V

/c
)

Ti48Ar+
40  No RP

 KFT

 TMA

 AC
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from the reaction planes reconstructed using the KFT, TMA and AC methods,

respectively.

behavior may not physically exist in nature. The overall under-355

estimation of flow values after applying the three methods for356

reconstructing the reaction plane means that none of the meth-357

ods provides the reaction plane accurately enough to extract the358

real flow values, revealing the weakness of the reaction plane359

reconstruction using current methods.360

c. Investigation on physical existence of abnormal α flow361

behavior using reaction plane-free two-particle azimuthal362

correlation method363

With the indication for the inexistence of the abnormalα flow364

behavior in nature from the above comparison of the present ex-365

perimental mass dependent flow measurements and the AMD-366

FM simulations in mind, we continue to pursue the physical367

existence of abnormal α flow behavior using a two-particle az-368

imuthal correlation (2pAC) method of Wang et al. [18]. The369

2pAC method has been shown to provide potentially powerful370

probe for the flow generated in the heavy-ion collisions at ener-371

gies from several ten MeV to several TeV [18, 38, 39, 40, 41].372

Unlike conventional flow extraction methods discussed above,373

the flow extraction in the 2pAC method does not require the374

knowledge of the reaction plane, and as a consequence, it does375

not suffer from the uncertainties associated with the reaction376

plane reconstruction. Therefore, direct observation of whether377

the abnormal α flow behavior exists or not can be achieved378

eliminating the influence imposed by the reaction plane recon-379

struction procedure.380

The 2pAC method was designed to make use of two-particle381

azimuthal correlation function. Following Refs. [18, 38], it is382

defined by a ratio of two distributions383

C(∆φ) =
Ncor(∆φ)

Nuncor(∆φ)
, (7)384

where Ncor(∆φ) in the numerator is the measured ∆φ distribu- 385

tion for the correlated particle pairs from the same event, and 386

Nuncor(∆φ) in the denominator is the ∆φ distribution for uncor- 387

related particle pairs generated by the mixing of events such 388

that each member of a pair is randomly selected from two dif- 389

ferent events. The ∆φ angle is the angle between the transverse 390

momenta of two correlated/uncorrelated particles in each given 391

pair. For a given event, there are M f (M f − 1)/2 correlated par- 392

ticle pairs, where M f is the number of measured fragments, and 393

thus M f (M f − 1)/2 entries for C(∆φ) are obtained in one event. 394

Detailed description about the C(∆φ) construction is referred to 395

Refs. [18, 38]. 396

Under the assumption of independent statistical emission of 397

particles with the same azimuthal distribution F(φ) in an event, 398

the azimuthal correlation function is simply related to F(φ) via 399

the convolution [39, 42] 400

C(∆φ) =

∫ 2π

0

F(φ)F(φ + ∆φ)dφ. (8) 401

From previous studies [39, 43], we know the azimuthal distribu- 402

tion of emitted particles can be described well via the Legendre 403

polynomial expansion up to the second order 404

F(φ) = f0[1 + f1 cos(φ) + f2 cos(2φ)]. (9) 405

The coefficient f1 is related to the anisotropic collective mo- 406

tion and its magnitude can reflect roughly the magnitude of 407

the flow [43], i.e., the larger the absolute value of f1 is, the 408

stronger the in-plane flow is; the coefficient f2 is related to 409

the rotational collective motion which was focused on in other 410

works [38, 39, 40]. The coefficient f0 is a constant. Inserting 411

Eq. (9) into Eq. (8), one can derive the form of C(∆φ) to be 412

C(∆φ) = f 2
0 [1 + 0.5 f 2

1 cos(∆φ) + 0.5 f 2
2 cos(2∆φ)]. (10) 413

The in-plane flow information can be therefore extracted by op- 414

timizing f1 from the fit to the experimentally constructed C(∆φ) 415

using Eq. (10). Note that f1 is different from the flow values 416

from the in-plane components of fragment transverse momenta 417

discussed in the above subsections. Here, f1 is normalized by 418

f0 and dimensionless as defined in Eq. (9), whereas the flow in 419

the above subsections is with a dimension of momentum. In 420

spite of being not capable of reflecting the absolute flow mag- 421

nitude, f1 deduced using the 2pAC method reflects the relative 422

flow magnitude, so that it is applicable for the present study on 423

the mass dependent behavior of the flow. To distinguish from 424

those quantified from the in-plane transverse momenta in the 425

above subsections, we refer f1 as the “relative” flow magnitude 426

hereinafter. 427

As pointed out in Ref. [18], the Coulomb interaction and 428

the effect of quantum statistics for identical particles affect the 429

two-particle azimuthal correlation function, potentially influ- 430

encing the relative flow magnitude determination. To mini- 431

mize the two effects, the particle pairs with low relative mo- 432

menta |∆p| <50 MeV/c [18] are excluded from the obtained 433

Ncor(∆φ) distribution. Another experimental limitation for con- 434

structing the Ncor(∆φ) one should consider seriously is that the 435

two correlated particles tend to fly in the same direction, but 436

only one of them can be detected if they hit the same detector437
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Figure 6: Two-particle azimuthal correlation functions C(∆φ) for Z = 1 − 4 pairs with (squares) and without (dots) the correction for the recoil effect from the

system of 40Ar+48Ti. The results shown in (a)-(d) are obtained from the experimental data, whereas those shown in (e)-(h) are from the filtered AMD-FM+Gemini

events. The Z number for labeling each panel corresponds to the C(∆φ) for which both correlated particles are demanded to be with the same given Z number in

each of the pairs used to determine ∆φ . Solid and dashed curves in each panel represent the fits to the results with and without the correction for the recoil effect

using Eq. (12).

in one event. This limitation results in large uncertainties in438

the Ncor(∆φ) construction. To solve this problem, the correlated439

particle pairs both with negative values of center-of-mass rapid-440

ity were only taken into account in the early work of Lacey et441

al. [38], taking the advantage of relatively better angular reso-442

lutions of the detector modules in the backward center-of-mass443

hemisphere. This selection is effective, but results in a signif-444

icant loss of statistics due to the larger detector energy thresh-445

olds in the backward at the same time. For this work, to make446

an improvement, we demand the correlated particle pairs with447

different rapidity signs in the center-of-mass frame, allowing to448

take into account the detector angular resolutions and energy449

thresholds simultaneously.450

Since the reaction systems used for our present study are451

small, the momentum conservation effect is also expected to452

have a pronounced effect on the two-particle azimuthal corre-453

lation function. Indeed, it has been pointed out in the previ-454

ous studies of Chitwood et al. [44] and Prendergast et al. [45]455

that the momentum conservation effect significantly affects the456

shape of the azimuthal correlation function in small reaction457

systems. Therefore, correction for the momentum conserva-458

tion effect is further required prior to deducing the relative flow459

magnitude from the two-particle azimuthal correlation func-460

tion. Here, we adopt the approximate treatment for considering 461

the momentum conservation effect in the single static-source 462

model previously used to pursue the origin of the azimuthal cor- 463

relation function deformation in Refs. [45, 44]. In the center-of- 464

mass frame, for the two correlated particles with mass numbers 465

A1 and A2, and center-of-mass transverse velocities ~v1 and ~v2, 466

they are assumed to be emitted from a single source with mass 467

number A0 and initial center-of-mass transverse velocity zero 468

sequentially. After the emission of the first particle from the 469

source, the residue with mass number A0 − A1 gains additional 470

transverse velocity ∆~vr due to the recoil by the momentum con- 471

servation, 472

∆~vr = −
A1

A0 − A1

~v1. (11) 473

For the emission of the second particle from the residue, the 474

additional transverse velocity, which is from the recoil of the 475

first particle but nothing to do with the collective motion, is in- 476

herited as a consequence. Following this scenario, one is able 477

to experimentally handle the correction for the recoil due to the 478

momentum conservation by adding −∆~vr to the measured trans- 479

verse velocity of the second particle ~v2. Similar approach has 480

been also applied to the correction for the recoil effect from the 481

POIs in the reaction plane reconstruction [16]. 482

Figure 6(a)-(d) shows the obtained two-particle azimuthal483
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correlation functions C(∆φ) deduced from the same selected484

data set of the 40Ar+48Ti reaction used to produce Figs. 2 to 4485

with the recoil correction with the identification of Z as an ex-486

ample (squares). The C(∆φ) labeled by Z in each panel corre-487

sponds to the result in which we demand both correlated par-488

ticles to be with the same given Z number in each of the pairs489

used to determine ∆φ (with no selection in isotope type). For490

example, the label “Z = 3” in Fig. 6(c) indicates that only the491

lithium-lithium pairs are taken to construct the C(∆φ) in that492

panel. Similar treatment was adopted in the previous work of493

by Prendergast et al. [45] and elsewhere. The errors shown for494

the data points are of statistical origin in each case. It should495

be mentioned that the C(∆φ) from boron-boron pairs is absent496

from the figure due to the statistics. However as found below,497

the results from Z = 1 − 4 pairs are enough to conduct the fol-498

lowing discussion. In Fig. 6(a)-(d), the C(∆φ) shows remark-499

able azimuthal asymmetries for all Z = 1 − 4 pairs being with500

the magnitudes more than unity at ∆φ = 180◦ and less than501

unity at ∆φ = 0◦. One may notice that our results show the502

peak position at ∆φ = 180◦ rather than at ∆φ = 0◦, in contrast503

to those of Wang et al. [18] and Lacey et al. [38] etc. This can504

be attributed to the fact that the in-plane anisotropic collective505

motion causes the two correlated particles to move in a back-to-506

back configuration, for the present correlated particle pairs for507

which the condition of being with different rapidity signs in the508

center-of-mass frame is demanded.509

Under this condition, the two correlated particles have sym-510

metric azimuthal distributions such as F(∆φ) and F(∆φ+180◦),511

rather than having the same azimuthal distribution F(∆φ) as as-512

sumed in Eq. (8). Following the same derivation from Eq. (8)513

to Eq. (10), one can find Eq. (10) changes to514

C(∆φ) = f 2
0 [1 − 0.5 f 2

1 cos(∆φ) + 0.5 f 2
2 cos(2∆φ)], (12)515

for the present work. To extract the relative flow values from the516

obtained C(∆φ), we perform the fits to the C(∆φ) distributions517

using Eq. (12) with the coefficient f0 being equal to 1 based518

on the previous work of Lacey et al. [38]. The best fits to the519

data are shown by solid curves in Fig. 6(a)-(d). The obtained520

relative flow values f1 for the Z = 1 − 4 pairs are plotted as a521

function of Z by squares in Fig. 7(a). The errors are from the522

fits. Here, negative signs are taken for f1 due to the dominance523

of the attractive mean field interaction at the present incident en-524

ergy of 47 MeV/nucleon, similar to the case of Fig. 2. Clearly,525

the obtained f1 values with the correction for the momentum526

conservation increase monotonically in the negative direction527

as Z increases, showing no abnormal α flow enhancement. The528

same absence of the abnormal α flow behavior is also found in529

the other two systems. This result, in addition to the indication530

found from the comparison in the above subsection using the531

AMD-FM, definitely provides a direct experimental evidence532

for the inexistence of the abnormal α flow behavior in nature.533

To provide deeper insight into the influence of the momen-534

tum conservation on the f1, the C(∆φ) distributions without the535

correction for the recoil effect are shown by dots in Fig. 6(a)-536

(d) for comparison. The C(∆φ) distributions without the recoil537

correction show more remarkable azimuthal asymmetries com- 538
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Figure 7: Relative flow magnitude f1 as a function of Z extracted from the

C(∆φ) with (squares) and without (dots) the recoil effect correction from the

collision system of 40Ar+48Ti. The results shown in (a) are obtained from

the experimental data, whereas those shown in (b) are from the filtered AMD-

FM+Gemini events.

pared to those with the recoil correction systematically, indicat- 539

ing a significant modification of C(∆φ) due to the recoil effect 540

imposed by the momentum conservation. We fit the C(∆φ) us- 541

ing Eq. (12) (dashed curves), and plot the extracted f1 values as 542

a function of Z by dots in Fig. 7(a). In the figure, the obtained 543

f1 values show a monotonic trend as Z increases as well, simi- 544

lar to that with the recoil correction. In contrast, the f1 values 545

without the recoil correction are overall larger than those with 546

the recoil correction, and their deviations increase from ∼0.1 to 547

∼0.2 as Z increases from 1 to 4. The f1 value enhancement after 548

turning off the recoil correction can be interpreted that the re- 549

coil from the momentum conservation drives the two correlated 550

particles to move in a back-to-back configuration, being with 551

the same function of the in-plane anisotropic collective motion 552

under the present condition of the correlated particle pair se- 553

lection. Therefore, the recoil effect enlarges the f1 values by 554

superimposing onto the in-plane anisotropic collective motion. 555

As the recoil effect is more significant for heavier fragments, 556

larger f1 enhancment is found for the heavier correlated parti- 557

cle pairs after turning off the recoil correction. The comparison 558

in Fig. 7(a) suggests that whether the recoil effect is corrected 559

or not only weakly jeopardizes the mass-dependent trend of f1, 560

but the f1 magnitude strongly depends upon the application of 561

correction for the recoil effect. We also re-extract the flow val- 562

ues which have been given in Figs. 3 and 5 with the correction563
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for the recoil effect from the POIs in the reaction plane recon-564

struction using the correction method in the present 2pAC anal-565

ysis for cross-checking. The results consistently indicate that,566

although the absolute flow values slightly decrease as well, the567

conclusions related to the flow mass-dependent behavior drawn568

in Sec. 3(a) and (b) are fully valid.569

For completeness, we perform the same 2pAC analysis using570

the filtered AMD-FM+Gemini events which have been used in571

Fig. 3 (see details about the AMD-FM calculations and the fil-572

ter inclusion in Sec. 3(b)). The C(∆φ) and f1 results are plotted573

together with those of experiment in Fig. 6(e)-(h) and Fig. 7(b),574

respectively. From the comparisons between Fig. 6(a)-(d) and575

(e)-(h), close agreements are clearly found for the C(∆φ) re-576

sults from the experiment and the filtered AMD-FM+Gemini577

events. In Fig. 7(b), the deduced f1 values from the filtered578

AMD-FM+Gemini events also show no abnormal α flow be-579

haviors, similar to those of the experiment shown in Fig. 7(a),580

in spite of being with slight deviations in magnitude. The rea-581

sonable reproductions of the experimental results both in C(∆φ)582

and in f1 by the AMD-FM simulations provide sufficient the-583

oretical support to the correction for the recoil effect and the584

conclusion drawn from the present 2pAC analysis.585

It is worth emphasizing again that the presently applied586

2pAC method can only provide a probe of the relative flow587

magnitude, rather than the absolute flow magnitude. There are588

some other powerful methods, i.e., the transverse momentum589

analysis technique proposed by Danielewicz et al. [19, 46] etc,590

being capable of deducing the absolute flow values without the591

reaction plane reconstruction. It will be of great importance to592

further investigate the issues related to the transverse flow using593

these reaction plane-free methods in future.594

4. Summary and prospectives595

In summary, transverse flow values for Z=1-5 fragments596

from the collisions of 40Ar+27Al, 40Ar+48Ti and 40Ar+58Ni at597

47 MeV/nucleon have been determined using the in-plane trans-598

verse momentum components of the fragments. It is found that599

the experimentally obtained flow values deduced with the ap-600

plication of the conventional methods, i.e., the KFT, TMA and601

AC methods with the consideration of the autocorrelation ef-602

fect, for reconstructing the reaction plane show an abnormal α603

flow enhancement as the fragment mass increases. The close604

comparison between the experimental results and those from605

the AMD-FM simulations suggests that the abnormal α behav-606

ior is not real, but originates from the inaccurate reconstruction607

of the reaction plane using the KFT, TMA and AC methods.608

Further, the 2pAC method, which allows to deduce the relative609

flow magnitude without the knowledge of the reaction plane, is610

applied to investigate the physical existence of abnormal α flow611

behavior. The obtained relative flow magnitudes deduced from612

the two-particle azimuthal correlation functions with an identi-613

fication of Z, with consideration for the recoil effect imposed614

by the momentum conservation, increase monotonically in the615

negative direction as Z increases, definitely leading to a conclu-616

sion that the abnormal α transverse flow enhancement does not 617

exist in the actual heavy-ion collisions at the present incident 618

energy region in nature. 619

As a final remark, the present work also reveals the prob- 620

lem of inaccuracies in the reaction plane reconstruction which 621

was widely acknowledged 20-30 years ago, but has been ne- 622

glected nowadays. More efforts for improving the accuracy of 623

the current reaction plane reconstruction methods or developing 624

novel methods with high accuracy are still urgently required at 625

present. Recently, artificial intelligence has been introduced to 626

determine the heavy-ion collision centrality in nuclear physics, 627

and better performance is achieved comparing to using the tra- 628

ditional methods [47]. Making use of the capacity of recogniz- 629

ing and characterizing complex data sets of the artificial intelli- 630

gence techniques may help to better determine reaction planes 631

in heavy-ion collisions in future. 632
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