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Abstract Hanbury Brown Twiss ( HBT ) results of the nucleon nucleon correlation function have been
presented for the nuclear reactions with neutron rich projectiles ( Be isotopes) using an event generator,
the Isospin Dependent Quantum Molecular Dynamics model. It discusses the relat ionship between the
binding energy per nucleon of the projectiles and the strength of the neutron proton HBT at small relative
momentum. Moreover, the relat ionship between the single neutron separation energy and the strength of
the halo neutron proton HBT is revealed. Results show that neutron proton HBT results are sensitive to
binding energy or separation energy. Some researches about the Equation of State ( EOS) have been
completed, which show that the HBT results are also sensitive to the parameters of the EOS.
Key words IDQMD model, correlation function, nuclei reaction at intermediate energy
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[ 1]

The approach of intensity interferometry has its origins in astrophysics several decades ago . It has significant
[2~ 8]
theoretical development and widespread applicat ion in subatomic physics recently
. The method involves the
construct ion of a two particle correlation function from the distributions of particles radiated from a hot, spatially
localized source. In the original astrophysics application of the technique, the source was a distant radio wave
emitter. But in the nuclei collisions, the source is the reaction region. The particles used to construct the correlation
[ 2]
function can be pions, protons, or even nuclei . More recently, this approach has been widely used in other fields,
for instance, the analogous correlations in semiconductors and in free space aiming at the fermionic statistics of
[ 9~ 11]

electrons
. It has also become an important tool in high energy region since it could be utilized to measure the
evolving geometry of the interaction zone, which can be applied to study the research for a possible quark gluon
plasma and the properties of the predicted new state of matter

[ 12]

. The emission time and source size in the nuclear
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react ion can be extracted by the nuclear HBT technique, which is a kind of intensity interferometry. In the
applications of experimental and theoret ical heavy ion reactions at intermediate energy, various aspects have been
investigated via the correlation functions, such as the dependences of the isospin of the emitting source
parameter

[ 14]

[ 15]

, the nuclear symmetrical energy

[ 16]

and the total momentum of nucleon pairs

[ 13]

, the impact

and so on. The details

about the EOS and the collision process can be revealed from the correlation function well.
Some groups have applied HBT technique to study the exotic nuclear reaction recently

[ 17~ 19]

. As known, studies

have been performed for many years for exotic nuclei with the increasing availability of radioactive nuclear beams
around the world. Among the various techniques to investigate the exotic nuclei, the measurements of the total
interaction cross section and the fragment momentum distribution of the projectile are the main methods in the past
[ 20~ 30]

6

[ 21,23]

years

. Some nuclei like He

11

15

[ 22,23]

Be

[ 31, 32]

, C

22

, O
8

[ 33]

11

Li

[ 21]

,

14

[ 19,24~ 26]

Be

are considered as two neutron halo ones and

are as one neutron halo, and the proton halo structure has been also proved to exist in the

[ 21]

structure of the nuclei B

,

12

, N

[34]

23

, Al

[ 35]

etc. In terms of the structure of the halo, integral measurements, such

as the total reaction cross section, are only sensitive to the overall size. Dissociation reactions, in which the core and
[17]
or nucleons are detected in the final state, can provide some structure information . Also, the major diffculty is the
[ 18]

relationship between the initial and final states as dictated by the distorting effects of the reaction . So it is very
interesting to investigate the exotic nuclei via HBT technique further. Apparently, the binding energy and the
nucleon( s) separation energy are important physical quantit ies for the structure of the nucleus. The former indicates
the stable level of the nucleus, which is the nucleon nucleon relationship among the nucleus, and the latter is a good
criterion to verify the possibility of the exotic nucleus. These two have been studied through the density calculation
by RMF theory in the past years. Researches about these two factors via the nuclear collisions systematics are
needed. In this work, we will explore the relationship between these two factors and the nucleon nucleon correlation
function value at very small relative momentum with help of Isospin Dependent Quantum Molecular Dynamics
( IDQMD) model, which can describe the reaction dynamics on event by event basis. Furthermore, some parameters
of the EOS will be investigated too.
Firstly, we want to introduce the HBT technique briefly. As we know the wave funct ion of relative mot ion of
light identical particles, when emitted in close proximity in space time, is modified by the final state interaction
( FSI) and quantum statistical symmetries ( QSS) , and this is the principle of the intensity interferometry, i. e. HBT.
The correlation funct ion is defined as the ratio between the measured two particle distribut ion and the product of the
independent single particle:
2

d n dp 1 dp 2
C( p 1 , p 2 ) =
,
dn dp 1 d n dp 2

( 1)

2

where d n dp 1 dp 2 represents the correlated two particle distribution and dn dp 1 and dn dp 2 are the independent
single particle distributions of particle 1 and 2, respectively. Usually, the project ion C ( q ) = c 0 N ( q) onto the
D( q)
relative three momentum ( q =

1
| p - p 2 | ) is used as the momentum correlation funct ion, where the measured
2 1

distribution of pairs ( N ( q ) ) is divided by a reconstructed distribut ion of uncorrelated pairs ( D ( q ) ) . c0 is a
normalized coefficient so that C ( q) tends to 1 at high relat ive momentum, where the effects of FSI and QSS vanish.
The deviation of C( q ) from 1 thus reflects the informat ion of the emission source. Other effects, arising from the
form of the single part icle distribut ion or the experimental acceptance, are eliminated by the denominator of Eq.
( 1) .
Interpretation of the correlation function measured in heavy ion collisions requires the understanding of the
relationship of the parameters, which are extracted from fitting the data or the true single particle distributions at
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freeze out. This relationship can be established by using an event generator that models the collision dynamics,
particle production. The correlation functions are constructed from the positions and momenta representing the
single particle emission distribution at the time of the last strong interaction, i. e. at freeze out . The eventgenerator
used in our task is the Isospin Dependent Quantum Molecular Dynamics transport model, which has been applied
[ 36~ 43]

successfully to the studies of the heavy ion collisions which include the simulation of the reaction process

. For

completeness, we would like to make a brief introduct ion to this model in the following section.
The Quantum Molecular Dynamics ( QMD) approach is an n body theory to describe heavy ion react ions at
intermediate energy. It includes five important parts: the initialization of the target and the project ile; the
propagation in the effective potential; the collisions between the nucleons; the Pauli blocking effect and the
numerical tests. A general review about the QMD model can be found in Ref. [ 36] . The IDQMD model is based on
the QMD model affiliating the isospin factors.
As we know, the dynamics in heavy ion collisions ( HIC) at intermediate energies is mainly governed by three
components, the mean field, two body collisions, and Pauli blocking. Therefore, for an isospin dependent reaction
dynamics model it is important for these three components to include isospin degrees. What is more essential, in the
initializations of projectile and target nuclei, the samples of neutrons and protons in phase space should be treated
separately because there exists a large difference between neutron and proton density distributions for the nuclei far
from the

stability line. The IDQMD model has been improved based on the above ideas.

The stability of the propagat ion of the init ialized nucleus has been checked in details and can last at least 200
fm c according to the evolutions of the average binding energies and the root mean square radii of the initialized
nucleus.
14

Among the exot ic nuclei, Be nucleus, with four protons
and ten neutrons has received most of the attention, both
theoretically and experimentally, due to its rather unique
structure

[ 19, 24~ 26]

. To test our approach, firstly we analyzed
14

12

the reaction of Be fragments into Be + 2n at 35
12
MeV nucleon with the target C, see Fig. 1. The two halo
neutrons in calculation are defined as the emitted neutrons in
12

coincidence with Be core. The solid circles with error bars
are the two halo neutron correlation functions ( hh) in the
collision of

14

Be fragmented into

MeV nucleon and the target is

12

C

[19]

12

Be + 2n at 35

. The solid line is the

calculated two halo neutron correlation function. It shows
clearly that the correlation function of the two halo neutrons
Fig. 1 The experimental and the calculated

reproduces the experimental data excellently, which is

neutron neutron correlation functions

consistent with the small two neutron separation energy. More
informations could be found in Ref. [ 44] .

Based upon the achievement of halo neutron halo neutron correlation function of HBT results in IDQMD with
the data, we further explore the proton neutron correlation function as a function of binding energy or separation
12
energy. The target is C and the projectile is Be isotope. Only those events in which the neutron and the proton are
emitted in the same event are accepted. The calculated results are shown in Fig. 2. The f igure shows the proton
neutron correlation function for different Be isotopes and the insert of Fig. 2 shows the relationship between the
strength of proton neutron correlat ion funct ion C PN at 5 MeV c and the binding energy per nucleon of the projectile
( E binding ) . The solid line of the insert is a linear fit.
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One can notice that the behavior of the correlation
function between the proton and the neutron as a function of
the binding energy per nucleon in Fig. 2. The collisions were
simulated at 800 MeV nucleon of the incident energy and
head on collisions. As we know, among the projectiles we
studied, the number of the protons is 4 and that of the neutron
is gradually increasing, and this will reflect the stability of the
nuclei. With the increasing of the mass number, the mean
relationship among the nucleons will change weaker. Since
the strength C PN of correlation function symbolizes the mean
relationship between the emitted proton and neutron and the
binding energy per nucleon associated with the tightness
between the nucleon, the tendency shown in the insert of
Fig. 2 reflects that the C PN can reveal the compactness of the
nuclei.
On the other hand, we also study the correlation function

Fig. 2 The proton neutron correlation function for
different Be isotopes

between the proton and the most outside neutron. Here the
most outside neutron is defined as the one which is the forathest away from the spatial center at the FSI and it is also
called as a halo neutron for simplif icat ion, even though it is not strict in physics sense. To obtain reasonable proton
halo neutron HBT results, only those events in which proton and halo neutron are emitted in the same event are
accepted to investigate such a correlation funct ion. The
similar correlation function was obtained as C PN . The
relationship was also extracted between the strength of proton
halo neutron correlation function C PH at 5 MeV c and the
single neutron separation energy of the projectile E s ep . The
symbols of Fig. 3 show the calculated results and the solid line
is a linear fit. It appears that, with the increasing of the E sep ,
C PH at 5 MeV c rises gradually. Since the strength of C PH
increases with the decreasing of the source size, the above
E sep dependence of C PH reflects that the emission source size
of the neutron and proton shrinks with the separation energy of
the single neutron, which is consistent with the extent of
Fig. 3 The relationship between the proton halo
neutron correlation function CPH at 5 MeV c and
the single neutron separation energy of the nuclei

binding of single neutron via E sep . The collisions were
simulated at 800 MeV nucleon of the incident energy and
12
head on collisions. The target is C.

One should keep in mind that the E sep is thought as one of the important information for halo structure. For Be
11

isotope, the nucleus Be is considered to exist the halo configuration according to its extremely small one neutron
separation energy. Compared with other nuclei in Be isotopes, the C PH at small relative momentum is smaller, i. e.
there exists a larger spatial diffusion. That indicates that HBT of proton and halo neutron can show the different
configurations of the Be isotopes well. These observations might illustrate that the C PH will symbolize the relat ionship
between the most outside neutron and the emitted proton, which is related to the extension level of the mass density
distribution directly.
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Some HBT results of the nuclear reaction will be presented with different following aspects: gate of the total
momenta of the emission particles, soft and stiff potential in EOS and the different impact parameters of the collision.
Except for the especial note, the collisions are head on and simulated at 100 MeV nucleon of the incident energy.
12
18
The target is C and the projectile is C.
According to the important role of the emission time in HBT, it is interesting to discuss the total momenta of the
emitted nucleons which decide the emission time. The total momentum contribute to the emission t ime and earlier
emission time might induce the stronger correlat ion. We proceed on the calculation with the different momentum
gated nucleons pairs. The results are shown in Fig. 4.
In Fig. 4, the three parts of the nucleon nucleon
correlation function, including the neutronneutron ( NN ) ,
neutron proton ( NP) , proton proton ( PP ) , are provided. The
collisions were simulated at 100 MeV nucleon of the incident
18

energy . The impact parameter is 0 0 fm. The projectile is C
12

and the target is C. Every circle is the value of the C NN or
C PN at 5 MeV c ( or C PP at 20 MeV c) . The filled circles
connected with the solid line are the results with the soft
momentum dependent potent ial in EOS of the IDQMD model
and the opened circles connected with the solid line are the
ones with the stiff momentum dependent potential. From the
figure, one could find that with the st iff momentum dependent
potential in EOS, the strength is higher than that with the soft
correlation function at 5 MeV c ( NN, NP) or at 20

one. The influence of the different potential in EOS will be
discussed in the next part in detail. It is clear that the HBT

MeV c ( PP) and the gate of the total momentum of

strength of two nucleon of lower momentum is smaller than

the nucleons in the collisions

that of higher momentum. As we know, the nucleons are

Fig. 4

The relationship between the two nucleon

emitted on a smaller time scale with lower total momenta
compared with higher total momenta which will reduce the weaker HBT strength. The calculated difference indicates
the qualitative characterizat ion of the emission process during the collisions. On the other hand, the tendency is
similar despite of the different isospin of the emitted nucleons, which illuminates that the emission time of nucleons
[16]
plays the same role in different isospin systems. The tendency agrees with that from the experiment .
The study of the EOS with HBT approach has been performed recently. EOS is considered as the important part
of the nuclear matter. Here the different potential will be discussed. As known, the different potentials, i. e, the soft
and stiff potential, play an important role in EOS. What is more important is to affiliate the momentum dependent
part in the potential. In our calculation the soft momentum dependent potential ( SM ) and the stiff momentum
dependent potential ( HM) are taken. With the isospin dependent potential, we calculated the correlation function
between the nucleons with the above two type of potentials. The results are shown in Fig. 5.
In Fig. 5 the filled circles connected with solid line are the results with SM and the opened ones are those with
18
12
HM. T he collisions are simulated at 100 MeV nucleon and head on. The projectile is C and the target is C. The
left part is with the total momenta of the pair nucleons less than 200 MeV c and the right part with that larger than
400 MeV c. From the figure, it is clear that the strength with the stiff potential is stronger than that with the soft
[ 14]

potential, which is similar to that of BUU calculated results . Stiff potential will lead to the hardness to compress
the nuclear matter compared with the soft one. This can be understood with the help of the EOS using different
potential : the higher value of the E

A (

) at one constant density with the stiff potential will be achieved
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in comparison with the soft potential. While using the HM in
EOS, the possibility of keing emitted will increase. So the
emission time of the nucleons will be smaller which will lead
to the stronger strength of the correlation function.
Considering the importance of the Wigner function in the
collisions, we try to explore the character of the collisions with
different impact parameters through HBT method. Firstly we
calculate the nucleon nucleon correlation funct ion using the
IDQMD model with the different impact parameter. Results
are shown in Fig. 6. The collisions were simulated at 800
18
MeV nucleon of the incident energy. The projectile is C and
12

the target is C.
[ 14]

In the former works

, some explanations have been

introduced. As known, the strength of the correlat ion function
mainly depends on the emission time and the source size. In

Fig. 5

The comparison between the HBT results

with soft momentum dependent ( SM) and stiff

the collisions, we construct the intensity interferometry with

momentum dependent ( HM) potential of EOS

all nucleons emitted in the total momentum range. One could

in IDQMD calculations

f ind the difference of the HBT strength with the soft potent ial from stiff potential easily. Secondly, the tendency of
the HBT strength becomes weaker with the increasing impact parameter both in the soft and stiff momentum
dependent potential in EOS. This indicates that the type of the potential in the IDQMD will not change the tendency
of the strength of HBT with the increasing impact parameter.
On the other hand, such tendency of the HBT strength might
stem from the changeable size of the emission source and the
reaction violence. In the central collisions, the nucleon
nucleon collisions are very strong and the emitted nucleons are
from one very hot and squeezed region. This deduces the
higher strength of correlation directly because of the smaller
source and the earlier time of the emitted nucleons compared
with that of the peripheral collisions. Also some other
reasons, including Fermi jets, may contribute to it too.
In summary, the HBT intensity interferometry technique
has been applied to investigate its sensitivity to the binding
energy and separation energy of neutron rich nuclei from the
break up of nuclei by convoluting the phase space distribution
generated with the IDQMD model. First ly we gave a well
fitted halo neutron halo neutron correlation function from the
14
break up of Be on C target. Based upon this achievement of
the good fit, we explored the dependence of the proton neutron
correlation function ( C PN ) at small relative momentum with
The relationship of the two nucleon correlation

the binding energy ( E binding ) of Be isotopes. It was found that

function at 5 MeV c for neutron neutron pair and

the correlat ion strength of C PN at small relative momentum

neutron proton pair or at 20 MeV c for proton proton

rises with the binding energy. This variat ional tendency of
C PN with E binding is here reported for the first t ime and it might

Fig. 6

pair to the impact parameter of the collision
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be a good way to study the structure of the nuclei. Moreover, the proton halo neutron correlat ion funct ion ( C PH ) is
also constructed from the break up reactions. There exists the similar relationship between the C PH at small relative
momentum and the separation energy ( E s ep ) of Be isotopes as the relat ionship of C PN to E binding . In theory, C PH at
small relative momentum is sensitive to E sep and this can be attributed to the spat ial extension level of the neutron
which is farthest away from the center of the nucleus. The influence to the HBT results with different EOS potent ial,
the impact parameters and the gate of the total momenta have also been studied. Results show that the HBT strength
could reveal some details of the collisions at intermediate energy.
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摘 要

采用同位旋相关的量子分子动力学模型( Isospin Dependent Quantum Molecular Dynamics model,

IDQMD) , 把 HBT 方法应用于核物质的性质研究. 计算结果显示, HBT 方法得到的关联函数强度可以很
好地表征原子核内部核子之间联系的紧密程度, 且原子核内部核子之间的关联函数强度与表征核子之
间联系紧密程度的物理量存在着近似线形的关系. 另外核物质状态方程( EOS) 的 HBT 研究, 也对确定合
适的核物质状态方程具有重要的意义.
关键词

IDQMD 模型, 关联函数, 中能核反应

