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Effects of high-momentum tail of nucleon momentum distribution on initiation of cluster
production in heavy-ion collisions at intermediate energies
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Based on the transport model isospin-dependent Boltzmann-Uehling-Uhlenbeck coupled with a phase-space
coalescence afterburner, we studied the effects of the high-momentum tail (HMT) of nucleon momentum
distribution in initialization in 197Au + 197Au reactions at a beam energy of 400 MeV/nucleon with different
impact parameters. We found remarkable impact parameter-dependent HMT effects on the fragment multiplicity
distribution. The average neutron to proton ratio of produced isotopes is also affected by the HMT. The rapidity
distributions of triton and 3He and their elliptic flows are all evidently affected by the HMT. All the effects of the
HMT on the cluster production in heavy-ion collisions are centrality dependent.
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I. INTRODUCTION

The high-momentum transfer experiments have shown that
nucleons in nuclear ground states can form short-range cor-
related (SRC) pairs with center-of -mass momentum lower
than nuclear Fermi momentum (<kF ) and larger relative mo-
mentum (>kF ) [1–4] due to the short-range nucleon-nucleon
tensor interactions [5–8]. The momentum distribution from
low momenta (k < kF ) to high-momenta (k > kF ) presents
a high-momentum tail (HMT) for nucleons. Furthermore,
two-nucleon knockout reactions have identified that nucle-
ons in the HMT are isospin dependent [9,10], i.e., the p-n
SRC pairs are about 18 times that of n-n SRC pairs or
p-p SRC pairs, referred to as “np dominance.” The recent
high-energy electron knockout experiments conducted by the
CLAS Collaboration using medium-to-heavy nuclei show that
the fraction of the high-momentum protons increase signifi-
cantly with the neutron excess in nucleus whereas the fraction
of high-momentum neutrons decreases slightly [11]. These
results would have significant implications for understanding
the dynamics of neutron-rich reaction and the physics of neu-
tron stars [12].

It is well known that in intermediate-energy heavy-ion
collisions (HICs), both nucleonic mean-field and nucleon-
nucleon collisions are at work. The frequently mentioned
phenomenon in intermediate-energy HICs is multifragmenta-
tion and the production of fragments [13,14]. As the HMT of
the single-nucleon momentum distribution in the nucleus is
confirmed by experiments, the HMT has been considered in
a certain transport model [15,16], and some isospin-sensitive
observables, such as the nucleonic collective flows, the free
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neutron to proton ratio n/p as well as the π−/π+ ratio.
They all have been shown to be more or less sensitive to
the HMT [17,18]. Since the productions of fragments and the
light clusters, e.g., triton and 3He are frequently studied in
the literature [19,20], in the present paper, we investigate the
HMT effects on the production of fragments and the light
clusters triton (t) and 3He in the 197Au + 197Au collisions
at the incident beam energy 400 MeV/nucleon with various
collision impact parameters.

II. THE TRANSPORT MODEL AND THE NUCLEON
MOMENTUM INITIALIZATION

In the present paper, we adopt the semiclassical isospin-
dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport
model and the phase-space coalescence afterburner [20]. The
initial density distributions of nucleons in the projectile and
target are obtained from the Skyrme-Hartree-Fork calcula-
tions with the Skyrme M∗ parameters [21]. We use a nucleon
momentum distribution with a high-momentum tail reaching
λkFn,p = 2.2kFn,p , where λ = kmax/kF is the high-momentum
cutoff parameter and kFn,p is the neutron or proton Fermi
momentum [16,22]. According to the n-p dominance model
[9,10], 20% of nucleons with equal numbers of neutrons and
protons are inside the HMT. The momentum distribution for
nucleons with a high-momentum tail in initialization reads

nHMT(k) ∝ 1/k4, (1)

and

n(k) =
{

C1, k � kF ,

C2/k4, kF < k < λkF ,
(2)
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keeping a 20% fraction of total nucleons in the HMT, i.e.,
∫ λkF

kF

nHMT(k)k2dk/

∫ λkF

0
n(k)k2dk = 20%, (3)

with the normalization condition,∫ λkF

0
n(k)k2dk = 1. (4)

In the above equations, the parameters C1 and C2 in Eq. (2)
are determined automatically from the above equations. With
the above nucleon momentum distribution form, the average
kinetic energy of nucleons increases roughly several MeV
comparing to that with the ideal Fermi-gas approximation (in
this case, nucleon momentum distribution n(k) ranges in 0-
pF ) without considering the HMT at 400-MeV/nucleon beam
energy [23]. For neutron-rich nuclei, the proton has a larger
probability than the neutron with momentum greater than the
nuclear Fermi momentum [24]. For example, there are about
25%(17%) protons (neutrons) with momenta larger than the
proton (neutron) Fermi momentum in 197Au nucleus [23].
This phenomenon may lead to a result that protons have higher
average momentum than neutrons in neutron-rich nuclei [10].
The evolution of the nucleon momentum distribution in nu-
cleus 197Au with and without the HMT has also been studied
in the previous work [16]. The results showed that the shape of
the initial momentum distribution changes insignificantly for
nuclear collisions at a beam energy of 400 MeV per nucleon.

The single nucleon potential is one of the most important
inputs for the BUU-like transport model in intermediate en-
ergies. In this paper, the momentum- and isospin-dependent
single nucleon potential derived from the Hartree-Fock ap-
proach using a modified Gogny effective interaction [25,26]
is employed. Especially, the single-particle potential of a nu-
cleon with isospin τ and momentum �p at total density ρ reads

U (ρ, δ, �p, τ ) = Au(x)
ρτ ′

ρ0
+ Al (x)

ρτ

ρ0

+ B

(
ρ

ρ0

)σ

(1 − xδ2)−8xτ
B

σ + 1

ρσ−1

ρσ
0

δρτ ′

+ 2Cτ,τ

ρ0

∫
d3 �p′ fτ (�r, �p′)

1 + ( �p − �p′)2/�2

+ 2Cτ,τ ′

ρ0

∫
d3 �p′ fτ ′ (�r, �p′)

1 + ( �p − �p′)2/�2
. (5)

The single-particle potential U (ρ, δ, �p, τ ) with isospin τ =
1/2 (−1/2) is for a neutron (proton). Here ρ0 denotes satura-
tion density, ρτ and ρτ ′ denote neutron or proton density with
τ �= τ ′. δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry.
Cτ,τ and Cτ,τ ′ are the interaction strength parameters, which
describe the momentum-dependent interaction for a nucleon
of isospin τ with like and unlike nucleons in the background
fields. For nucleon-nucleon collisions, the reduced in-medium
NN cross section is used. More details about the above single
nucleon potential and the baryon-baryon cross section can be
found in Ref. [27].

Because most BUU-type transport models are incapable
of forming dynamically realistic nuclear fragments, we use

FIG. 1. Effects of the HMT on the multiplicities of fragments
as a function of fragment charge in the Au + Au reactions at
400 MeV/nucleon with different impact parameters.

the phase-space coalescence model as an afterburner, see,
e.g., Refs. [14,20,28]. In this coalescence model, a physical
fragment is considered as nucleons with relative momenta
smaller than P0 and relative distances shorter than R0. In our
simulations, we use P0 = 263 MeV/c and R0 = 3 fm [20],
but the qualitative results studied here are not sensitive to the
above two parameters.

III. RESULTS AND DISCUSSIONS

Our results presented here are obtained using totally
100 000 events in each case with 250 test particles per nucleon
in each run of the simulation. To study the HMT effects on the
fragment production in heavy-ion collisions, it is necessary
to first show the effects of the HMT on the whole range of
the fragments produced in HICs. Figure 1 shows multiplicity
distributions of fragments produced in HICs with and without
the HMT. It is seen that the yields of fragments decrease
with the increase in the fragment charge whether with or
without the HMT. It is known that the violence of tge reaction
decreases with the decrease in participant zone, so the effects
of the HMT are more prominent in the collisions with larger
impact parameters. The yields of very light fragments slightly
increase with the HMT with different centralities especially
for larger centrality. For heavier fragments, the situation is
inverse, i.e., the yields of heavier fragments evidently decrease
with the HMT, especially with larger impact parameters. This
is because the very light fragments are mostly preequilib-
rium emissions, the momentum correlations among nucleons
increase the coalescence probability among nucleons, thus,
more light fragments are produced. The heavier fragments
are mainly deexcited remnants of the reaction, thus, heavier
fragments are produced with smaller nucleon momenta (i.e.,
without the HMT). Therefore, for a specific fragment, such
as the isotope with charge number Z = 6 as shown in Fig. 2,
the HMT can increase or decrease its yields due to different
centralities of the reaction. Since there is a predominance of
isospin dependence in short-range correlated pairs, in addition
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FIG. 2. Effects of the HMT on the yields of the isotope with
charge number Z = 6 as a function of neutron number in the Au +
Au reactions at 400 MeV/nucleon with different impact parameters.

to the multiplicity distribution, the effects of the HMT should
be also shown in average neutron number 〈N〉 and neutron
to proton ratio 〈N/Z〉 of the fragments. In Figs. 3 and 4, we
display the 〈N〉 and 〈N/Z〉 as a function of the fragment charge
number (Zfrag) for the Au + Au reactions at the incident beam
energy of 400 MeV/nucleon with and without the HMT in
central (left panel), semicentral (middle panel), and semipe-
ripheral collisions (right panel). From Fig. 3, one can see that
with the HMT the average neutron number 〈N〉 decreases for
heavier isotopes. This is understandable since the HMT causes
deexcitation of remnants easily and usually more neutrons are
emitted for neutron-rich system. To show more clearly the
isospin effects of produced isotopes, we analyze the average
neutron to proton ratio 〈N/Z〉 of produced isotopes, which is
defined as [29]

〈N/Z〉 =
∑

Y
(
X A

Z

)
(A − Z )/Z∑

Y
(
X A

Z

) , (6)

FIG. 3. Effects of the HMT on the average neutron number 〈N〉
as a function of charge number Zfrag in the Au + Au reactions at
400 MeV/nucleon with different impact parameters.

FIG. 4. Effects of the HMT on the average neutron to proton ratio
〈N/Z〉 as a function of charge number Zfrag in the Au + Au reactions
at 400 MeV/nucleon with different impact parameters.

where Y (X A
Z ) denotes the yield of the isotope AX of element

X , the summation is over all different isotopes. The Zfrag dis-
tribution of the 〈N/Z〉 with and without the HMT is examined
in Fig. 4. It is seen that the Zfrag distribution of average neu-
tron to proton ratio 〈N/Z〉 is sensitive to the HMT especially
for heavier fragments. The fact that the HMT decreases the
〈N/Z〉 of isotopes is consistent with that shown in Fig. 3.
Since heavier fragments are produced for the semiperipheral
collisions, the 〈N/Z〉 ratio increases (approaching the reaction
system’s neutron to proton ratio N/Z = 1.49) for a larger
impact parameter. We next turn to study the effects of the
HMT on light cluster production. Figure 5 shows the rapidity
distribution of triton and 3He in the 197Au + 197Au reaction
at the incident energy of 400 MeV/nucleon with different
impact parameters. It is seen that these clusters are mostly
produced at midrapidities and their yields decrease with the
increase in impact parameter [30]. Because the HMT trends
to deexcite remnants in HICs, more free nucleons and light
clusters are, thus, produced and the free nucleons could also
coalesce into light clusters. Therefore, the HMT increases
the yields of triton and 3He especially for larger impact pa-
rameters. At larger centralities, the effects of the HMT are
more prominent around projectile and target rapidities. El-
liptic flow is related to the second Fourier coefficient of the
azimuthal distribution, which reflects the anisotropy in the
particle transverse momentum distribution at midrapidity can
be expressed as [31–35]

v2 = 〈cos(2φ)〉 =
〈

p2
x − p2

y

p2
x + p2

y

〉
. (7)

In the above, px and py are the in-plane and out-of-plane
transverse momenta, respectively. The sign and magnitude
of v2 reflect the result of competition between the early
out-of-plane nucleon emission and the later in-plane nucleon
emission. v2 > 0 indicates in-plane flow dominance, and v2 <

0 describes out-of-plane flow dominance. Obviously, v2 = 0
reflects the isotropic distribution in the transverse plane.
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FIG. 5. Effects of the HMT on the rapidity distributions of triton
and 3He in the Au + Au reactions at 400 MeV/nucleon with different
impact parameters.

From Fig. 6, it is seen that the transverse momentum distri-
butions of triton and 3He elliptic flows become flat in central
collisions. This is because most of nucleons participate in the
reaction for central collisions, the emission of the particles
tends to be isotropic. The size of spectators increases with
the impact parameter, as a result, in semicentral and semipe-
ripheral collisions we find preferential out-of-plane particle
emissions, i.e., the squeezed-out effects of nucleon emission
perpendicular to the reaction plane. An obvious HMT effect
is seen on both triton and 3He elliptic flows at high mo-
menta especially in semicentral and semiperipheral collisions.
Since nucleonic correlations in momentum space decreases
anisotropy of particle emission in HICs [18], it is not surpris-
ing to see the strength of the elliptic flow with the HMT is
smaller than without the HMT.

To confirm the effects of the HMT on the cluster produc-
tion in heavy-ion collisions and check the model reliability,
it is meaningful to carry out relevant experimental measure-
ments, such as the multiplicity of fragments and the average
neutron to proton ratio as a function of the charge number as
well as the elliptic flows of the triton and 3He in Au + Au
reactions at 400 MeV/nucleon. By comparison of theoretical
predictions and experimental measurements, one can get new
insights into the effects of nucleon-nucleon short-range corre-
lations on the cluster production in heavy-ion collisions.

FIG. 6. Effects of the HMT on the elliptic flows of triton and 3He
as a function of transverse momentum in the Au + Au reactions at
400 MeV/nucleon with different impact parameters.

IV. SUMMARY

Based on a hybrid approach of the semi classical transport
model IBUU coupling a phase-space coalescence afterburner,
we studied the HMT effects on some fragment observ-
ables in 197Au + 197Au reactions at the incident energy of
400 MeV/nucleon with impact parameters b = 3, 5, and 7 fm,
respectively. We found that distributions of the fragment mul-
tiplicity, the average neutron number of isotopes, as well as
the average neutron to proton ratio of isotopes are all affected
by the HMT. For the light clusters triton and 3He, both their
multiplicities and their elliptic flows show clear effects of the
HMT. Also the effects of the HMT on the cluster production
are affected by the collision centrality in HICs. Therefore, the
high-momentum tail of the nucleon momentum distribution in
initialization deserves further studies whereas studying light
and heavier cluster productions in heavy-ion collisions at low
and intermediate energies.
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