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Abstract Heavy-ion collisions are powerful tools for

studying hypernuclear physics. We develop a dynamical

coalescence model coupled with an ART model (version

1.0) to study the production rates of light nuclear clusters

and hypernuclei in heavy-ion reactions, for instance, the

deuteron (d), triton (t), helium (3He), and hypertriton (3
KH)

in minimum bias (0–80% centrality) 6Li ? 12C reactions at

beam energy of 3.5A GeV. The penalty factor for light

clusters is extracted from the yields, and the distributions

of h angle of particles, which provide direct suggesetions

about the location of particle detectors in the near future

facility—High Intensity heavy-ion Accelerator Facility

(HIAF) are investigated. Our calculation demonstrates that

HIAF is suitable for studying hypernuclear physics.

Keywords Heavy-ion accelerator facility � Hyperon �
Hypernuclei � Coalescence � Light nuclei

1 Introduction

Hypernuclei consists of nuclei and one or more hyperons

in which at least one quark is strange quark or anti-strange

quark. Hypernuclear physics is a fascinating and a funda-

mental interesting field. It has been studied for many years,

and more exotic forms of multistrange nuclear systems have

been hypothesized to exist [1]. In particular, the hyperon–

nucleon (YN) and hyperon–hyperon (YY) interactions play a

fundamental role in the softening of the equation of state

(EOS) of neutron stars [2]. Studying YN/YY interactions will

help us to understand the hyperon puzzle that microscopic

EOS for hyperomic matter is very soft and is not compatible

with the measured neutron stars masses. Understanding the

structure of neutron stars requires more information on the

YN/YY interaction knowledge. For example, depending on

the strength of the YN interaction, the collapsed stellar core

could consist of hyperons, strange quark matter, or a kaon

condensate [3]. The lifetimes of the hypernucleus depend on

the strength of the YN interaction [4, 5], therefore, a precise

determination of the lifetimes of hypernuclei provides direct

information on the YN interaction strength [5, 6].

Many models, including quark-gluon plasma distilla-

tion, thermal production, and coalescence mechanism, have

been developed to understand the hypernuclei production

mechanism in heavy-ion collisions. In this paper, a

dynamical coalescence model, in which the probabilities of

the overlapping of the wave functions between nucleons

and hyperons at the final stage of the collisions determine

the formation of hypernuclei [7], was developed to study
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the formation of hypernuclei production. Additionally, the

ART model was used to simulate the interaction between

hadrons produced at the final stage of a heavy-ion collision

evolution. We will introduce the dynamical coalescence

model and the ART model in detail in Sect. 2.

In a laboratory environment, heavy-ion collisions experi-

ments provide a powerful tool for studying the properties of

nuclear matter and the interactions between hadrons under the

conditions of high temperature and baryon density [8–15].

Heavy-ion collisions may create plenty of hypernuclei and

their anti-particles, for example, the 3
KH, anti-3

KH [16–19].

There are some surprising results about hypernuclear mea-

surements in recent years. The STAR Collaboration at RHIC

and the ALICE Collaboration at CERN reported a signal of

(anti-)3
KH, respectively, plus the mass and the lifetime

parameter [16–18]. In 2013, The GSI HypHI Collaboration

reported measurement on the lifetime of 3
KH and 4

KH, produced

by driving a 6Li beam on a 12C target at 2A GeV [19]. All new

results show a shorter lifetime of 3
KH in comparison with the

free K’s. The physics origin is still under hot debate [20].

Neutron-Rich K-Hypernuclei, which have more neutrons in

comparison with protons, for example the 6
KH, 7

KHe, 9
KHe, 10

K Li,
12
K Be and 16

K C, have been studied by KEK Collaboration,

FINUDA Collaboration, and JLab E01-011 experiment [21].

Many new proposals on hypernucleus physics are raised in

the field, such as the new forms of nuclear bound systems

including a multistrange hyperon, the double N or double X
[22], are waiting to be discovered. Hypernucleus measure-

ment is very useful to check the production mechanism. For

instance, is it due to nucleonic (hyperon) coalescence [23] or

other direct formation mechanism etc? Due to the low

statistics and limited resolution on the detector, the early

measurements on light hypernuclei systems usually have a

large statistical uncertainty. The next generation facilities of

heavy-ion collisions aimed at the hypernuclear physics should

improve the detector resolution and the statistics to achieve a

conclusive measurement. In this perspective, the Japan Proton

Accelerator Research Complex (J-PARC) and the Nuclear

Spectroscopic Telescope Array (NuSTAR) in America have

been developed to study hypernuclear physics. Facility for

Antiproton and Ion Research in Europe (FAIR) is under

construction. In China, the High Intensity Accelerator Facility

(HIAF) construction starting in late 2015 and will be built

completely in about 2020. HIAF will produce the strongest

beam intensity in the world when it is completed, and we will

obtain more data to improve the statistics for hypernuclear

physics study. In this paper, the ART model coupled with a

dynamical coalescence is developed to simulate the collisions

of a 6Li beam with energy of 3.5A GeV (which is at the HIAF

energy region) on a 12C target collision. The light hypernuclei

yields are calculated and the results prove that HIAF is suit-

able for studying the physics of the light hypernuclei system.

2 Introduction to ART 1.0 model

Relativistic transport model (ART 1.0), that is based on

the well-known Boltzmann-Uehling-Uhlenbeck(BUU)

model [24, 25] for intermediate energy heavy-ion colli-

sions, was originally developed for the heavy-ion colli-

sions at the alternating gradient synchrotron (AGS)

energies [26]. ART 1.0 include the baryons N, D(1232),

N�(1440), N�(1535), K, R, and mesons p, q, x, g, K, as

well as their explicit isospin degrees of freedom [27].

Both elastic and inelastic interaction between baryon and

baryon, baryon and hyperon, and hyperon and hyperon

are included in ART 1.0 model, almost all parametrised

cross sections and angular distributions that have been

used in the BUU model are replaced by empirical

expressions based on the double-logarithmic interpola-

tions of the experimental data [27]. Most inelastic scat-

tering between hadron and hadron collisions are modeled

through the formation of resonances.

For the inelastic baryon-baryon interactions, ART 1.0

includes the following inelastic channels [26]:

NN $ NðDN�Þ; ð1Þ

NN $ DðDN�ð1440ÞÞ; ð2Þ

NN $ NNðpqxÞ; ð3Þ

ðNDÞD $ NN�; ð4Þ

DN�ð1440Þ $ NN�ð1535Þ: ð5Þ

In above equations, N� denotes either N�(1440) or

N�(1535), and the symbol (DN�) denotes a D or an N�. For

meson-baryon scatterings, ART 1.0 includes the following

reaction channels for the formation and decay of reso-

nances [26]:

gN $ N�ð1535Þ; ð6Þ

pN $ D;N�ð1440Þ;N�ð1535Þ: ð7Þ

The elastic scattering

ðpqÞðNDN�Þ !ðpqÞðNDN�Þ ð8Þ

also is included in the ART 1.0 model. ART 1.0 model

simulates p-p collision through the formation of a q meson,

for example [27],

pþ p $ q; ð9Þ

and the direct process

pþ p ! pþ p: ð10Þ

K hyperon production is mainly associated with a Kþ

meson production through baryon-baryon collision [27],
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NN !NKðRÞK;DKðRÞK; ð11Þ

NR !NKðRÞK;DKðRÞK; ð12Þ

RR !NKðRÞK;DKðRÞK; ð13Þ

where R denotes D, N�(1440), or N�(1535). The isospin-

averaged cross sections for K production can be expressed

as following [27]:

�r ðNN ! NKKþÞ � �rðNN ! DKKþÞ

� 3

2
r ðpp ! pKKþÞ:

ð14Þ

The threshold energies are 2.56, 2.74 for the final states

NKK, DKK, respectively. There is an approximation that

the K production cross sections in reactions induced by

resonances are the same as in nucleon-nucleon collisions at

the same center-of-mass energy [27].

Meson-baryon interactions also can produce K hyperon

production [27],

pþ NðD;N�Þ !KðRÞ þ K; ð15Þ

qþ NðD;N�Þ !KðRÞ þ K; ð16Þ

xþ NðD;N�Þ !KðRÞ þ K: ð17Þ

For pion-nucleon collisions, the isospin-averaged cross

sections forK production can be expressed as following [27]:

�rðpN ! KKþÞ � 1

4
rðpþn ! KKþÞ: ð18Þ

In the qþ N and xþ N collisions, the cross sections for K
production is taken for simplicity to be the same as in the

pþ N collision at the same center-of-mass energy [27].

3 Introduction to a dynamical coalescence model

The dynamical coalescence model is a very popular

method for describing the formation of cluster in heavy-ion

collisions at both intermediate energies [28] and high

energies [29–32]. The probability that hadrons form a

cluster like deuteron and triton, is determined by the

overlapping of the wave functions of coalescing hadrons

with the internal wave function of the cluster [28, 30, 31].

In this model, assumptions about coalescing hadrons are

statistically independent and the binding energy of formed

cluster and the quantum dynamics of the coalescing pro-

cess play only minor roles [30, 33]. We assume that cor-

relations among hadrons that form the clusters are weak,

and the binding energies of formed clusters can be

neglected. In ART 1.0, simulations of heavy-ion collisions,

the multiplicity of a M-hadron cluster produced by the

dynamical coalescence model in heavy-ion collisions, is

given by the following formula [33–35],

NM ¼G

Z
dri1 dqi1 � � � driM�1

dqiM�1

�
X

i1 [ i2 [ ���[ iM

qWi ri1 ; qi1 � � � riM�1
; qiM�1

� �* +
:

ð19Þ

In Eq. (19), ri1 ,. . .,riM�1
and qi1 ,. . .,qiM�1

are, respectively,

the M � 1 relative coordinates and momenta in the M-

hadron rest frame; qWi is the Wigner phase-space density of

the M-hadron cluster, and h� � �i denotes the event averag-

ing. G represents the statistical factor for the cluster; it is 3/

8 for d, 1/3 for t, 3He [28, 30, 31, 36], and 3
KH [7].

To determine the hadron Wigner phase-space functions

inside clusters, firstly the information about their hadron

wave functions is required. For determining the wave

functions of hadrons inside the clusters, we treat the cluster

system as a spherical harmonic oscillator [28, 37]. Taking

the above methods, we can get the hadrons wave functions

inside the deuteron:

w r1; r2ð Þ ¼ 1= pr2
d

� �3=4
exp �r2=ð2r2

dÞ
� �

; ð20Þ

in terms of the relative coordinate r ¼ r1 � r2 and the size

parameter rd. The root-mean-square radius can be deduced

as Rd ¼ hr2i1=2 ¼ ð3=8Þ1=2rd for deuteron. Then, the

hadron Wigner phase-space density function inside the

deuteron is obtained through its wave function by

qWd r; kð Þ ¼
Z

w rþ R

2

� �
w� r� R

2

� �

� exp �ik � Rð Þd3R

¼ 8 exp � r2

r2
d

� r2
dk

2

� �
;

ð21Þ

where k ¼ ðk1 � k2Þ=2 is the relative momentum between

hadrons inside deuteron.

For t, 3He, 3
KH, their hadron wave functions, are taken to

be the same and are given by that of a spherical harmonic

oscillator as well [28, 37], that is,

w r1; r2; r3ð Þ ¼ 3p2b4
� ��3=4

exp � q2 þ k2

2b2

� �
: ð22Þ

The q, k, b, respectively, denotes the relative coordinates

and size parameter. The Usual Jacobi coordinates for a

three-hadrons system [34, 35] was used in Eq. (22), that is,

R
q
k

0
@

1
A ¼

1

3

1

3

1

3
1ffiffiffi
2

p � 1ffiffiffi
2

p 0

1ffiffiffi
6

p 1ffiffiffi
6

p � 2ffiffiffi
6

p

0
BBBBB@

1
CCCCCA

r1

r2

r3

0
@

1
A; ð23Þ
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where R denotes the center-of-mass coordinate of the three

hadrons inside the cluster, and r1, r2, r3 are, respectively,

the coordinates of the three hadrons inside cluster.

According to the following relation,

r1 � Rð Þ2þ r2 � Rð Þ2þ r3 � Rð Þ2¼ q2 þ k2; ð24Þ

the root-mean-square radius R3 of a three-cluster is given

by

R3 ¼
Z

q2 þ k2

3
w r1; r2; r3ð Þj j233=2dqdk

	 
1=2

¼ b:

ð25Þ

The hadron Wigner phase-space function inside the three-

hadrons cluster is obtained from its hadron wave function

via

qW3 ¼
Z

w qþ R1

2
; kþ R2

2

� �
w� q� R1

2
; k� R2

2

� �

� exp �ikq � R1

� �
exp �ikk � R2ð Þ33=2dR1dR2

¼ 82 exp � q2 þ k2

b2

� �
exp � k2

q þ k2
k

� �
b2

h i
;

ð26Þ

in this equation, kq and kk are relative momenta, which

together with the total momentum K are defined by

[34, 35]

K

kq

kk

0
B@

1
CA ¼

1 1 1
1ffiffiffi
2

p � 1ffiffiffi
2

p 0

1ffiffiffi
6

p 1ffiffiffi
6

p � 2ffiffiffi
6

p

0
BBBB@

1
CCCCA

k1

k2

k3

0
B@

1
CA; ð27Þ

with k1, k2, k3 being the momenta of the three hadrons.

The root-mean-square radii are 1.92, 1.61, 1.74, and

5 fm for d, t, 3He, and 3
KH [1, 28], respectively. The

information about time-space and energy-momentum of

hadrons (proton, neutron, lambda) can be produced by

ART 1.0 model. The overlapping Wigner phase-space

density can be calculated using time-space and energy-

momentum distribution of hadrons by Eqs. (21) and (26)

for a two-hadrons cluster system and a three-hadrons

cluster system, respectively. Using Wigner phase-space

density information, the multiplicity of these clusters can

be calculated by Eq. (19).

4 Results and discussions

4.1 Rapidity distributions and inclusive yields

We investigate the rapidity distributions of light nuclei

and light hypernuclei including p, n, K, 2H, 3H, 3He, 3
KH,

using the ART 1.0 model coupled with a dynamical
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Fig. 1 (Color online) The

rapidity y distributions of p, n,

K, 2H, 3H, 3He, and 3
KH in the

system of center-of-mass and in

minimum bias (0–80%

centrality) 6Li ? 12C reactions

at beam energy of 3.5A GeV.

Projectile beam direction is the

positive direction. The

distributions were normalized to

one event
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coalescence model. Figure 1 shows the rapidity distributions

of these nuclei and hypernuclei in 0–80% centrality 6Li ?
12C reactions at beam energy of 3.5A GeV. As showed in

Fig. 1, protons and neutrons have the same distribution and

mainly distributed at forwards and backwards of rapidity,

but, K mainly distributed at middle rapidity region. Deu-

teron, triton, and helium distributions of rapidity are similar

to the proton and neutron distributions because these light

clusters are coalesced by protons and neutrons. 3
KH is coa-

lesced by nucleons andKs. As observed in Fig. 1, its rapidity

distribution is mainly at forwards, backwards, and middle

rapidity region because of K’s rapidity as a factor impacting

the rapidity distributions of 3
KH. Additionally, we can find

from Fig. 1 that there are more 3
KH at the forwards and

backwards rapidity region than the middle rapidity region,

but more K distributed at middle rapidity region than the

forwards and backwards rapidity region. This phenomenon

can be explained by a possible mechanism of 3
KH formation

by a proton and a neutron from spectator to capture a K, or a

deuteron coalesced by a proton and a neutron from spectator

to capture a K. Some theorists have studied this mechanism

with other models [38, 39].

The inclusive yields of p, n, K, 2H, 3H, 3He, 3
KH are also

calculated. Our results are 9.007, 8.792, 0.015, 1.259,

0.109, 0.110, and 1:023 � 10�7 for p, n, K, 2H, 3H, 3He,

and 3
KH in centrality 0–80% 6Li ? 12C reactions at the

beam energy of 3.5A GeV from ART 1.0 model coupled

with a dynamical coalescence model. Our results are close

to the experimental results in the reactions of 6Li ? 12C at

beam energy 2A GeV from the HypHI project at GSI [19].

According to the yields of 3
KH, it is seen that the future

facility is suitable for studying the hypernuclear physics

when HIAF is built completely.

4.2 Penalty factor and h distributions

versus rapidity

The yields of light clusters are exponentially dependent

on the nuclear mass number. Figure 2 shows the relations

between yields and the nuclear mass number. The line in

Fig. 2 is the fit function as the following [40]:

NA ¼ Ni
p

1

k0

� �A�1

: ð28Þ

NA denotes the yields of light clusters with nuclear mass

number A, Ni
p is the total mass number of initial protons, A

is the nuclear mass number, and k0 is called as penalty

factor.

Penalty factor is used to quantitatively describe the

difficulty that nucleons produce the next massive cluster

with nuclear mass number Aþ 1 compared with the current

cluster with nuclear mass number A. We know from

Eq. (28) that, if penalty factor is smaller, it is easier to form

a light cluster by protons and neutrons. Equation (28) can

be used to estimate the production rates of nuclear cluster

systems with nuclear mass number A. We calculated the

penalty factor at different region of rapidity in center-of-

mass frame and in centrality 0–80% 6Li ? 12C reactions at

beam energy 3.5A GeV. The penalty factor is 5.387,

132.371, 6.103 at the region of rapidity �2:0 to �0:5, �0:5

to 1.0, 1.0 to 2.5 as showed in Fig. 2, respectively.

According to our calculation, the penalty factor at the

backwards and forwards rapidity region is smaller than at

the middle rapidity region, therefore, the formation of light

cluster nuclei is easier at the forwards and backwards

rapidity regions than at the middle rapidity region. In

peripheral relativistic ion collisions, there are more spec-

tators than there are in the central relativistic ion collisions.

Spectator will have higher rapidity, and more light clusters

may be produced at peripheral relativistic heavy-ion col-

lisions [39].
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Fig. 2 (Color online) The yields of light clusters as a function of the

nuclear mass number at a different region of rapidity in the center-of-

mass frame and in minimum bias (0–80% centrality) 6Li ? 12C

reactions at beam energy of 3.5A GeV
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The h angle, which is the angle between the momentum

of particles produced in the collisions and the projectiles

beam direction, provides a direct guide on detector

acceptance for experimentalist. Figure 3 shows the h dis-

tributions for p, n, and K, respectively. We can see from

Fig. 3 that protons and neutrons are mainly at the near

angle of p and 0. Ks are different from protons and neu-

trons, which mainly distribute at the middle angle between

0.5 and 2.5. One can learn from Fig. 3 that the h is directly

related to rapidity of a particle, and a particle must be at the

h near p and 0 with forwards and backwards rapidity.

According to the h versus rapidity distributions (Fig. 3 of

nucleons) and the rapidity distributions (Fig. 1), the opti-

mal place for the light nuclear cluster and hypernuclei 3
KH

in HIAF will appear at the h near p and 0 region. The

conventional gas chamber detector will capture the tra-

jectory of charged nuclei while for the neutral particle,

special detectors are required [40].

5 Summary

In this paper, we calculated the yields of light nuclear

clusters and light hyperneuclei in centrality 0–80% 6Li ?
12C reactions at beam energy 3.5A GeV from ART 1.0

model plus a dynamical coalescence model. The inclusive

yields are 9.007, 8.792, 0.015, 1.259, 0.109, 0.110 and

1:023 � 10�7 for p, n, K, 2H, 3H, 3He, and 3
KH, respec-

tively. We also investigate the penalty factor for light

nuclear clusters at the projectile/target rapidity region and

middle rapidity region, respectively. A proposal at where

the particle detector should be placed was made. Our study

shows that HIAF is suitable for light nuclei and hypernu-

clei study.
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