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Applicability of the QMD model to various nuclear reactions
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Abstract

The basic formulation and the detail of the parameters included in the
standard QMD model, JQMD (JAERI Quantum Molecular Dynamics) are
described. Various cross sections calculated by the QMD model are
compared with the data at various energies for heavy ion reactions and also
nucleon induced reactions. The range of the applicability of the QMD model
and the limitation of the QMD model are discussed.

1 Introduction

The cross sections of intermediate and high energy nuclear reactions are strongly required in design
study of many facilities such as accelerator-driven systems, intense pulse spallation neutron sources,
and also in medical and space technology. There is, however, few evaluated nuclear data of
intermediate and high energy nuclear reactions. Therefore, we have to use reaction models or
systematics to obtain the cross sections, which are essential ingredients of high energy particle
transport code to estimate neutron yield, heat deposition and many other quantities of the transport
phenomena in materials.

In the particle and heavy ion transport code system PHITS [1], we have used two simulation
codes JAM [2] (Jet AA Microscopic Transport Model) and JQMD [3] (JAERI Quantum Molecular
Dynamics) to describe the intermediate and high energy nuclear reactions. JAM is a simulation code
based on INC (intra-nuclear cascade) model, which explicitly treats all established hadronic states
including resonances with explicit spin and isospin as well as their anti-particles. We have
parametrized all hadron-hadron cross sections based on the resonance model and string model by
fitting the available experimental data. On the other hand, JQMD is a simulation code based on the
molecular dynamics. A typical feature of QMD compared with that of the INC model is that QMD
can describe not only nucleon-nucleus reactions but also nucleus-nucleus reactions in the same
framework. The QMD model has been widely used to analyze various aspects of heavy ion reactions
as well as of nucleon-induced reactions [3,4], and has shed light on several exciting topics in heavy
ion physics, for example, the multifragmentation, the flow of the nuclear matter, and the energetic
particle production [5].

In this paper, we describe the basic formulation and the detail of the parameters included in the
JQMD code, and we show various cross sections calculated by the JQMD code compared with the
data at various energies for heavy ion reactions and also nucleon induced reactions. Next we
summarize the recent extensions of the JQMD code. Finally, we discuss the range of the applicability
of the QMD model and the limitation of the QMD model.

2 Basic formulation of JQMD

The QMD method is a semi-classical simulation method in which each nucleon state (denoted by a
subscript i) is represented by a Gaussian wave packet. The total wave function is assumed to be a
direct product of these wave functions. Thus the one-body distribution function is obtained by the
Wigner transform of the wave function,
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where L is a parameter representing the spatial spread of a wave packet, R; and P[ corresponding
to the centers of a wave packet in the coordinate and momentum space, respectively. The equation of
motion of R; and P[ is given, on the basis of the time-dependent variational principle, by the
Newtonian equations:
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and the stochastic N-N collision term [3]. We have adopted the Hamiltonian H consisting of the
relativistic energy and the Skyrme-type effective N-N interaction plus Coulomb and symmetry energy

terms:
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where “erf” denotes the error function, the e, 1is the charge of the i-th particle, and the ¢, is 1 for
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proton , -1 for neutron and O for the other particles. With the definition
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the other symbols in Eq.(3) are given as:
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The symmetry energy coefficient C, is taken to be 25 MeV. The four remaining parameters, the
saturation density p,, the Skyrme parameters A, B and 7 are chosen to be 0.163 fm'3, -124 MeV,

70.5 MeV and 4/3, respectively. These values give the binding energy/nucleon of 16 MeV at the
saturation density p and the compressibility of 237.7 MeV (soft EOS) for nuclear matter limit. The

only arbitrary parameter in QMD is the width parameter L, which is fixed to be 2 fm” to give stable
ground states of target nuclei in a wide mass range.

In addition to the Newtonian equation Eq.(2), the time evolution of the system is affected by
the two-body collision term. In the QMD model, the stochastic two-body collision process is
described in the same method as in the intra-nuclear cascade model except for the Pauli blocking
factor. The final blocking probability is determined by [1- f(7, p,r)] which is obtained by summing

up the each one-body distribution function given by Eq.(1).

The ground state of the target and/or projectile is generated by packing R,- and P randomly

based on the Woods-Saxon type distribution in the coordinate space and corresponding local Thomas-
Fermi approximation in the momentum space, seeking a configuration to reproduce the binding
energy included in the nuclear data table within a certain uncertainty. The ground state obtained by
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this procedure is a self-bind system and rather stable up to the time 200 fm/c, which is enough time
for the dynamical stage of the reaction.

The QMD simulation, as well as the JAM simulation, describes the dynamical stage of the
reactions. At the end of the dynamical stage, excited nuclei are created and must be forced to decay in
a statistical way to get the final observed state. In PHITS, the GEM [6] model is employed for light
particle evaporation and fission process of the excited residual nucleus. The switching time, when we
switch the QMD calculation to GEM, is an arbitrary parameter in the model. We have checked the
dependence of the final results on the switching time and found that the final results are not sensitive
to the switching time if we use the switching time from 100 fm/c to 150 fm/c for nucleon-induced
reactions [3].

3 Comparisons with the experimental data

3.1 Results of nucleon-induced reactions

We have applied the JQMD code intensively to nucleon-nucleus reactions and checked its validity
[3,4]. First we show the results of the JQMD code for the particle spectra emitted from proton
induced reactions. Fig. 1 shows the neutron energy spectra for the reaction p + **Pb at 256 MeV [7]
and 3 GeV [8]. The JQMD results of the neutron energy spectra agree well with the data from 1 MeV
up to the beam energy.
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Fig.1: Neutron energy spectra for the reaction p + “*Pb at different laboratory angles as indicated in the
figure. The incident energy is 256 MeV (left-hand-side) and 3 GeV (right-hand side). The
solid histograms are the results of QMD and the open circles and the full boxes with error bars
denote the experimental data taken from refs.[7,8].

In Fig. 2 we plot the invariant cross sections of the proton (left-hand-side) and negative pion
(right-hand-side) emission for the reaction p (3.17 GeV) + 2" Al [9]. These figures indicate the JQMD
code can reproduce quit well the overall features of the outgoing protons and pions as well as
neutrons without assuming any reaction mechanism, and without changing the parameter set.

Next we have analyzed the fragment production from the proton induced reaction. In Fig.3, we
show the production cross sections of various fragments for p (1.5 GeV) + %Fe reaction [10]. It is
clearly concluded that the JQMD code reproduces well the fragment production cross sections in the
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whole mass region, including the light clusters such as o and intermediate mass fragments (IMF) (A ~
20 to 30) except for ‘Be where the results of JQMD underestimate the data by approximately 2 order
of magnitude.
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Fig. 2: Invariant cross sections of the proton (left-hand-side) and negative pion (light-hand-side)
emission for the reaction p (3.17 GeV) + >’ Al at different laboratory angles as indicated in the
figure. Full boxes with error bars are the experimental data taken from ref.[9] and the results of

QMD are denoted by solid histograms.
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Fig.3: Production cross sections of various fragments for p (1.5 GeV) + *°Fe reaction. The full
circles connected by a solid line denote the results of QMD, while the open circles connected by a
dashed line are obtained experimentally by Michel et al. measured at 1.6 GeV for "Fe [10].

3.2 Results of heavy-ion reactions

So far the QMD model has shed light on several exciting topics in heavy-ion physics, e.g. the multi-
fragmentation, the flow of the nuclear matter, and the energetic particle productions [11]. Here we
show two examples of the basic observables from heavy-ion reactions calculated by the JQMD code.
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In Fig.4(a) we represent the results of 7z~ energy spectra for the reaction *C + '*C at 800
MeV/nucleon. The result of JQMD reproduces the experimental data [12]. We notice that this
calculation has been done in the same formulation and also with the same parameter set as used in the
nucleon-induced reactions.

Next example is the neutron energy spectra from the reaction '>C + **Pb at 400 MeV/nucleon,
which is shown in Fig.4(b). The neutron produced in heavy-ion reactions is very important in the
shielding design of new facilities because of its large attenuation length in shielding materials.
Recently, secondary neutrons from heavy-ion reactions have been systematically measured using thin
and thick targets by HIMAC of NIRS (National Institute of Radiological Sciences), Japan [13,14].
Fig,4(b) shows that the QMD code roughly reproduced the measured cross sections for the C beams.
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Fig.4: (a) (left panel) 7~ energy spectra for the reaction 12C (800 MeV/nucleon) + *C and (b)
(right panel) neutron energy spectra for the reaction '>C (400 MeV/nucleon) + **Pb at different
laboratory angles as indicated in the figure. The solid histograms and the solid lines are the
results of the QMD and the open circles and solid squares denote the experimental data taken from
ref.[12,13].

4 Extensions of the JQMD code

4.1 Low energy heavy ion reactions

One of arbitrary parameters in the JQMD code is the switching time, when we switch the QMD
calculation to GEM , as mentioned before. We have checked the dependence of the final results on
the switching time for nucleon-induced reactions at 1.5 GeV [3], and fixed it as 150 fm/c. Recently,
we have analyzed low energy heavy ion reactions and checked the sensitivity of the switching time
[15]. Fig. 5 shows the neutron energy spectrum at 90 degree in the laboratory system from thick Cu
target bombarded 10 MeV/u "°C beam. We have changed the switching time from 50 fm/c to 150 fm/c
in the calculations and compared with the experimental data [16]. From this figure, we conclude that
the switching time value 100 fm/c is the best value to simulate the neutron energy spectra from the
low energy heavy ion reactions. This value, however, does not affect so much the pervious results
with the value of switching time 150 fm/c for nucleon induced reactions and heavy ion reactions at
much higher energy, since they are very stable if we use the switching time from 100 fm/c to 150 fm/c.
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Fig.5: Neutron energy spectrum at 90 degree in the laboratory system from thick Cu target
bombarded 10 MeV/u '°C beam. The filled squares are the experimental data [16], while the
dashed (150 fm/c), full (100 fm/c) and dot-dashed (50 fm/c) lines present the JQMD+GEM results
by changing the switching time.

4.2 High energy extension of the JQMD model

The JQMD code was developed with the intent to provide a unified description of various aspects of
nuclear reactions. By combining JQMD and the statistical decay model GEM, one obtains a hybrid
model that can describe accurately both the fast dynamical stage and the slow statistical stage of the
reaction and, thus, reproduce measured double-differential cross sections for the production of
protons and neutrons in proton-nucleus [3,4] and nucleus-nucleus collisions [13,14]. There are other
observables, however, that does not reproduce as accurately as double-differential cross sections for
nucleon production; for example, fragment yields in heavy-ion reactions are sometimes in sensible
discrepancy with the experimental data [17], especially for soft, peripheral reactions that only entail
stripping of a small number of nucleons. The cause of these shortcomings can be traced back to a
small intrinsic instability of the ground state of the JQMD nucleus, which in fact can emit nucleons
spontaneously because of potential-energy fluctuations and alter significantly the final yields of soft,
peripheral reactions (hard, central collisions are not very sensitive to the details of the initial
configuration).

These instabilities have two main reasons: firstly, the JQMD formalism is not completely
relativistically covariant, which implies that the dynamics of a nucleus is somehow dependent on the
frame of reference used. Secondly, the ground state that JQMD nuclei are initialized in is only an
approximation; in all QMD models, it is conceptually impossible to create the ““real" ground state, i.e.
the lowest-energy eigenstate of the quantum-mechanical n-body Hamiltonian operator, which is
influenced by Pauli's exclusion principle. (In a semi-classical n-body theory, like QMD-models,
Pauli's principle is not taken into account and particles are thus allowed to move closer to each other).
If we want to describe peripheral nucleus-nucleus reactions consistently in the JQMD framework, it is
necessary to switch to a relativistically covariant formalism and to improve the ground-state
initialization algorithm, in order to suppress spurious potential-energy fluctuations and particle decays.
Recently, Mancusi et al. has thus introduced R-JQMD [18], an improved and fully covariant version
of JQMD that also features a new ground-state initialization algorithm for nuclei. This new version of
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JOMD is expected to give much reliable results for the fragmentation cross sections at high energy
heavy-ion reactions. However, the double differential cross sections of neutron from proton induced
reactions, for an example, are not as sensitive to relativistic effects, thus, one should not expect large
differences in the results by R-JQMD and JQMD. We have verified this by computing double
differential energy angle cross sections in Fig. 6. It is clear that R-JQMD and JQMD do not differ
very much as far as neutrons spectra are concerned [18].
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Fig. 6: Double-differential energy-angle cross sections for the production of neutrons in the reaction between
3-GeV protons and lead, with data taken from [19]. Left: log scale; right: linear scale. No significant
difference can be observed between JQMD and R-JQMD.

5 Conclusions

We have described the basic formulation and the detail of the parameters included in the JQMD code
and shown the various cross sections calculated by the JQMD code for various nuclear reactions,
nucleon-induced reaction and heavy ion reactions from low energy around 10 MeV/u up to several
hundreds GeV/u. It should be noticed that the results of the JQMD code reproduced these
experimental data very well with the same parameter set. For very low energy heavy ion reactions
around 10 MeV/u, we have checked the dependence of the results on the switching time from JQMD
to GEM, and found 100 fm/c is a suitable value for the switching time. This value is within the range
of the switching time which we have previously estimated for nucleon induced reactions. For
relativistic high energy heavy ion reactions, we have introduced a fully covariant version of JQMD,
R-JQMD, which suppresses spurious potential-energy fluctuations and particle decays caused by non-
covariant treatment of the dynamics. However, there are some observables which the present JQMD
model does not reproduce well. One is an observable related to the discrete levels near the ground
state, and another is related to coherent phenomena such as multi-fragmentations. In spite of these
problems, there are two reasons that we should develop the QMD model further. First, many
simulation codes based on the intra-nuclear cascade and evaporation model have been developed with
including new parameters and ingredients. However, most of them are not designed to treat nucleus-
nucleus collisions. Second, the improvement of the QMD model is focused on that of the effective
interactions, which is closely related to the fundamental nuclear physics [20]. This is a very nice
opportunity for the collaboration of the fundamental nuclear physics and the application field.
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