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Abstract
An experimental method was used to evaluate the primary isotope yields of
semi-central collisions in the reaction system 64Zn+112Sn at 40A MeV. The
characteristic nature of the hot nuclear matter at the time of the isotope for-
mation was studied. The multiplicities of light particles (LPs) associated with
intermediate mass fragments (IMFs) were determined experimentally by using
a kinematical focusing technique. The primary isotope distributions, recon-
structed by a Monte Carlo method, were compared with those of the AMD-
Gemini simulations. ac/T=0.11 and asym/T=3.34 were extracted from the
reconstructed primary fragments yield. These are consistent with those of the
primary fragments of the AMD simulation.
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Abstract

An experimental method was used to evaluate the primary isotope yields of
semi-central collisions in the reaction system 64Zn+112Sn at 40A MeV. The char-
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acteristic nature of the hot nuclear matter at the time of isotope formation was
studied. The multiplicities of light particles (LPs) associated with intermediate
mass fragments (IMFs) were determined experimentally using a kinematical fo-
cusing technique. The primary isotope distributions, reconstructed by a Monte
Carlo method, were compared with those of AMD-Gemini simulations. Values
of a_c/T = 0.11 and a_{sym}/T = 3.34 were extracted from the reconstructed
primary fragment yields. These are consistent with those of the primary frag-
ments from the AMD simulation.

Key words: Kinematical focusing, Coulomb parameter, Symmetry parameter,
Primary fragments

Introduction
The experiment was performed at the K-500 superconducting cyclotron facility
at Texas A&M University. Beams of 64,70Zn and 64Ni at 40A MeV were used
to irradiate targets of 58,64Ni, 112,124Sn, 197Au, and 232Th. The detector setup
was identical to that described in Refs. [1,2].

In heavy ion collisions, understanding the properties of nuclear matter under
extreme conditions is of fundamental importance. However, due to secondary
decay processes, experimentally observed fragments are not typically the same
as those present at the time of fragment formation in the early stage of the
reaction. Numerous models have been proposed to explain the observed frag-
ment production, yet the situation remains unclear from both theoretical and
experimental perspectives. Therefore, it is highly desirable to extract infor-
mation about fragments at the time of their primary formation directly from
experimental data whenever possible. To reconstruct the primary fragment dis-
tribution experimentally, a fragment-particle correlation technique based upon
kinematical focusing was employed to detect light particles (LPs) associated
with intermediate mass fragment triggers (IMFs).

This work was supported by the National Natural Science Foundation of China
(NSFC) Projects (No. 11075189), the“100 Persons Project”(Nos. 0910020BR0
and Y010110BR0), and the“ADS project 302”(No. Y103010ADS) of the Chinese
Academy of Sciences. Additional support was provided by the U.S. Department
of Energy under Grant No. DE-FG0393ER40773 and the Robert A. Welch Foun-
dation under Grant A0330.

2 Data Analysis
To extract the multiplicity of LPs associated with triggered IMFs, it is crucial to
determine the background contribution from uncorrelated LPs originating from
other sources. Through kinematical focusing, LPs associated with a triggered
IMF are observed as an excess in their velocity or energy spectra above the
yields of uncorrelated LPs. This excess increases as the opening angle between
the IMF and each LP decreases, due to the kinematical focusing along the IMF

chinarxiv.org/items/chinaxiv-202306.00581 Machine Translation

https://chinarxiv.org/items/chinaxiv-202306.00581


direction. In the actual analysis, the uncorrelated background was determined
experimentally using the spectral shape of LPs triggered by Li isotopes and
assuming very few associated secondary LCPs from these isotopes [1,3,4].

A moving source parameterization was used to determine the multiplicities of
LPs associated with IMFs [5,6]. The parent nucleus emitting the associated
LPs is assumed to be a surface-type source emitting LPs isotropically in its rest
frame. Therefore, the LP emission can be described by a surface Maxwellian
distribution. The spectra are transformed to the laboratory system using the
appropriate relativistic transformation equations. Here, 𝐸𝑙𝑎𝑏 is the LP energy,
𝑣𝑠 is the velocity of the parent source, and 𝜃 is the opening angle between the
LP and the triggered IMF.

Figure 1 shows the extracted average multiplicities of LPs (n, p, d, t, 𝛼) in
the 64Zn+112Sn reaction at 40A MeV as a function of the trigger IMF mass
number 𝐴. Isotopes with the same atomic number 𝑍 are connected by lines.
The multiplicity of 3He was not determined in this experiment due to poor
statistics. The errors shown in Fig. 1 represent systematic uncertainties from
the moving source fit, evaluated to be 10%.

[Figure 1: see original paper]

Figure 2 compares the experimental mean neutron multiplicities with those
obtained from GEMINI simulations assuming different excitation energies of the
parent nuclei, plotted versus the associated IMF charge number 𝑍. The average
neutron multiplicities from the GEMINI simulation are in good agreement with
experimental data when the excitation energy is approximately 2–3A MeV.

[Figure 2: see original paper]

A Monte Carlo method was employed to reconstruct the primary fragment dis-
tribution, utilizing the experimentally observed mean multiplicities from Fig. 1,
decay widths from GEMINI simulations, and the experimentally observed sec-
ondary fragment yield distributions [7]. Based on the results shown in Fig. 2,
the reconstruction was performed using an excitation energy of 2.5A MeV.

Figure 3 presents two-dimensional plots of charge number 𝑍 versus neutron
number 𝑁 for both the experimental (a) and reconstructed (b) fragment distri-
butions. Comparing the width of the neutron number distribution for a given 𝑍
between Figs. 3(a) and 3(b), it is evident that the distribution of reconstructed
fragments is significantly broader than that of the experimentally observed frag-
ments.

[Figure 3: see original paper]

Figure 4 shows the isotopic distributions of reconstructed primary fragments,
experimental fragments, and AMD primary fragments as a function of fragment
mass number 𝐴. As demonstrated in Fig. 4, the reconstructed primary distri-
butions are well reproduced by those from the AMD simulation.

[Figure 4: see original paper]
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To study the symmetry energy contribution to fragment production using the
yields of reconstructed fragments, the Modified Fisher Model (MFM) from Refs.
[8,9] was applied. The detailed methodology can be found in Ref. [2]. In this
model, the yield ratio of two isotopes with 𝐼 and 𝐼 + 2, where 𝐼 = 𝑁 − 𝑍, can
be expressed as:

𝑌 (𝐴, 𝐼) ∝ exp(𝜇𝑛𝑁 + 𝜇𝑝𝑍 − 𝑎𝑐
𝑍2

𝐴1/3 − 𝑎𝑠𝑦𝑚
𝐼2
𝐴 + 𝛿

𝑇 )

where 𝐼 = (𝑁 − 𝑍), 𝜇𝑛 and 𝜇𝑝 are the neutron and proton chemical potentials,
𝑎𝑐 and 𝑎𝑠𝑦𝑚 are the Coulomb and symmetry parameters, Δ𝛿 is the difference in
pairing terms between the two isotopes, and Δ(𝐼, 𝐴) is the difference in mixing
entropy. For isotopes with 𝐼 = −1 and 𝐼 = 1, the symmetry, pairing, and
Δ(𝐼, 𝐴) terms cancel out.

Taking the logarithm of the resultant equation yields:

ln[𝑅(𝐼 + 2, 𝐼, 𝐴)] = 𝜇𝑛 − 𝜇𝑝
𝑇 − 𝑎𝑐

𝑇 Δ ( 𝑍2

𝐴1/3 )

where 𝑅(𝐼 + 2, 𝐼, 𝐴) = 𝑌 (𝐴, 𝐼 + 2)/𝑌 (𝐴, 𝐼).
In Fig. 5, the values of ln[𝑅(𝐼 + 2, 𝐼, 𝐴)] for 𝐼 = −1 are plotted for both
detected and reconstructed fragments as a function of fragment mass number
𝐴. The parameters (𝜇𝑛 − 𝜇𝑝)/𝑇 and 𝑎𝑐/𝑇 were used as fitting parameters in
the equation, yielding 𝑎𝑐/𝑇 = 0.11 for the reconstructed primary fragments.
The AMD simulation gives a value of 0.17 for the primary fragments [2], which
is much smaller than that obtained from experimental data [2], which gives
𝑎𝑐/𝑇 = 0.35.
[Figure 5: see original paper]

In the next step, isobars with 𝐼 = 1, 3 and 𝐼 = −1, 1 were used to extract the
symmetry term 𝑎𝑠𝑦𝑚/𝑇 . Note that these isobars are all even-odd nuclei, so the
pairing term is zero. Neglecting the small Δ(𝐼, 𝐴) term, the symmetry energy
coefficient can be expressed as:

𝑎𝑠𝑦𝑚
𝑇 = 1

Δ(𝐼2/𝐴) [ln𝑅(𝐼 + 2, 𝐼, 𝐴) − 𝜇𝑛 − 𝜇𝑝
𝑇 + 𝑎𝑐

𝑇 Δ ( 𝑍2

𝐴1/3 )]

In Fig. 6, the values of 𝑎𝑠𝑦𝑚/𝑇 calculated using Eq. (4) with the previously
extracted value 𝑎𝑐/𝑇 = 0.11 are plotted as a function of 𝐴 and compared
with values from the detected fragments. The extracted values from the re-
constructed data show a relatively flat distribution as 𝐴 increases. A mean
value of 𝑎𝑠𝑦𝑚/𝑇 = 3.34 is obtained from the reconstructed fragments. This
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observation is consistent with results derived from the primary fragments of the
AMD simulation [2,10].

[Figure 6: see original paper]

The values of the Coulomb and symmetry parameters relative to temperature,
𝑎𝑐/𝑇 and 𝑎𝑠𝑦𝑚/𝑇 , obtained from the reconstructed primary fragments differ
significantly from those of the experimentally detected fragments and are dis-
tributed close to those of the AMD primary fragments, indicating a strong effect
of the sequential decay process on the Coulomb and symmetry parameters.

3 Conclusion
The primary isotope distribution was reconstructed by employing experimen-
tally extracted mean associated multiplicities, decay widths from GEMINI sim-
ulations, and experimentally observed secondary fragment yield distributions.
For the isotope distribution, the reconstructed yields of primary fragments are
well reproduced by the yields of primary fragments from the AMD simulation.
The Coulomb and symmetry coefficients in the form of 𝑎𝑖/𝑇 were also evaluated
for the reconstructed fragments.

The extracted value for the reconstructed fragments is 𝑎𝑐/𝑇 = 0.11, whereas
the value for detected fragments is 𝑎𝑐/𝑇 = 0.35. The calculated 𝑎𝑠𝑦𝑚/𝑇 values
show a relatively constant distribution as a function of 𝐴, while those for exper-
imentally detected isotopes exhibit significant 𝐴 dependence. The significant
difference in the Coulomb and symmetry parameters relative to temperature
between reconstructed primary multiplicities and those of detected fragments
indicates a strong effect of the sequential decay process, as discussed in Ref.
[10].
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