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FIG. 3. Free-neutron (upper panel) and proton (lower panel)
average multiplicities as a function of the projectile charge minus
the average QP residue charge. QP (dots) and MRM (squares)
multiplicities are illustrated. Solid lines are fitted to the obtained
values and dashed lines to the upper and lower uncertainties.

to QP neutron emission. Nevertheless, the neutron multiplicity
extracted for the MRM is two to three times larger than for the
one associated with the QP. The extracted multiplicities were
linearized, as shown in Fig. 3, to provide a continuous relation
between the multiplicities of free nucleons and centrality. Error
bars extracted from the optimization are shown.

Evident in the top panel of Fig. 4 is the dependence of
the atomic number of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) on centrality.
With increasing centrality the size of the QP decreases from
Z ≈ 28 to Z ≈ 21 whereas the size of the MRM increases
from a value of Z ≈ 5 to Z ≈ 8. The decrease in the size
of the QP is associated with an increase in the emitted
charge. For peripheral collisions, Zres = 25 and Zemitted = 3
but for midperipheral collisions Zres = 9 and Zemitted = 12,

FIG. 4. Upper panel: Average charge of the QP and MRM as
a function of the charge difference between the projectile and the
residue. Lower panel: Average N/Z ratios of QP (solid circles)
and MRM (solid squares) as a function of the charge difference
between the projectile and the residue. The open symbols correspond
to the clusters. Thin dotted line: original N/Z of the projectile and
target. Errors reported reflect the multisource fit uncertainty for free
nucleons.

consistent with increased excitation. For the most central
collisions presented, the atomic number of the QP and MRM
are constant.

The average N/Z of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) are displayed in
the lower panel of Fig. 4. A clusterized charge of at least 2 units
is required in the MRM to avoid MRM N/Z ratios computed
only with free nucleons. The value of the N/Z ratio for the
MRM (solid squares) increases with increasing centrality from
1.19 (peripheral) to 1.35 (semiperipheral). For reference, N/Z
of the system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, N/Z of the MRM exceeds
N/Z of the system. In contrast, N/Z of the QP (solid circles)
is relatively constant over the same centrality range with a
value of ≈1.07 ± 0.04, slightly less than the N/Z ratio of the
original system. The uncertainty in the reconstructed N/Z lies
largely with the uncertainty in the nucleon emission. To assess
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extracted for the MRM is two to three times larger than for the
one associated with the QP. The extracted multiplicities were
linearized, as shown in Fig. 3, to provide a continuous relation
between the multiplicities of free nucleons and centrality. Error
bars extracted from the optimization are shown.

Evident in the top panel of Fig. 4 is the dependence of
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nucleons, particles, and all heavier fragments) on centrality.
With increasing centrality the size of the QP decreases from
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of the QP is associated with an increase in the emitted
charge. For peripheral collisions, Zres = 25 and Zemitted = 3
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to the clusters. Thin dotted line: original N/Z of the projectile and
target. Errors reported reflect the multisource fit uncertainty for free
nucleons.

consistent with increased excitation. For the most central
collisions presented, the atomic number of the QP and MRM
are constant.

The average N/Z of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) are displayed in
the lower panel of Fig. 4. A clusterized charge of at least 2 units
is required in the MRM to avoid MRM N/Z ratios computed
only with free nucleons. The value of the N/Z ratio for the
MRM (solid squares) increases with increasing centrality from
1.19 (peripheral) to 1.35 (semiperipheral). For reference, N/Z
of the system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, N/Z of the MRM exceeds
N/Z of the system. In contrast, N/Z of the QP (solid circles)
is relatively constant over the same centrality range with a
value of ≈1.07 ± 0.04, slightly less than the N/Z ratio of the
original system. The uncertainty in the reconstructed N/Z lies
largely with the uncertainty in the nucleon emission. To assess
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that the isospin asymmetry of the projectile remnant is
half way between that of the projectile and the ‘‘equili-
bration value.’’

We now explore the relationship between isospin dif-
fusion, and the asymmetry term of the EOS. The
Boltzmann-Uehling-Uhlenbeck (BUU) [23,24] formal-
ism calculates the time evolution of the colliding system
using a self-consistent mean field. The isospin indepen-
dent part of the mean field in these calculations is
momentum independent and described by an incompres-
sibility coefficient of K ! 210 MeV [15]. The interaction
component of the asymmetry term in three sets of calcu-
lations provides a contribution to the symmetry energy
per nucleon of the form Esym;int=A ! Csym"!=!0#" where
Csym is set to 12.125 MeV and " ! 2, 1, and 1=3. Here,
smaller values for " dictate a weaker density dependence
for Esym;int. The fourth set of calculations, referred to as
SKM, uses an interaction asymmetry term providing
Esym;int=A ! 38:5"!=!0# $ 21:0"!=!0#2 [25] and has the
weakest density dependence at ! % !0.

Calculations were performed for the 124Sn& 124Sn,
124Sn& 112Sn, 112Sn& 124Sn, and 112Sn& 112Sn systems
at an impact parameter of b ! 6 fm [15]. We employed
ensembles of 800 test particles per calculation and
we followed each calculation for an elapsed time of
216 fm=c. At this late time, the projectile and target
residues can be cleanly separated. We further require
that all nucleons in the region assigned to a projectile
residue to be at a density greater than 0:05!0 and have a
center of mass velocity more than half that of the beam.
To reduce statistical fluctuations in the results, we aver-
aged them over 20 calculations for each system and used
the average numbers of neutrons and protons in the resi-
due to compute its average asymmetry h#i.

Using the calculated h#i, as the isospin observable, x,
in Eq. (2), we plot Ri"## as a function of time in Fig. 3 for
the stiffest asymmetry term (!2, top panel) and the softest
asymmetry term (SKM, bottom panel). By construction,
Ri"## describes the evolution of isospin asymmetry for
the projectiles (112Sn or 124Sn) in the mixed reactions
relative to that for the symmetric 124Sn& 124Sn (with
Ri ! 1) and 112Sn& 112Sn (Ri ! $1) systems. The
widths of the bands reflect the statistical uncertainties
of the calculated values. Initially, Ri"## ! 1 for 124Sn and
Ri"## ! $1 for 112Sn projectile. Subsequent isospin dif-
fusion drives the Ri"## values towards zero. Even though
preequilibrium emission from the projectile remnants
influences h#i, Ri"## is not strongly modified because
preequilibrium emission is largely target independent
and therefore canceled in Ri"## by construction.

The influence of the asymmetry term depends on its
magnitude at subsaturation density [24,26]. For the top
panel, Esym;int=A ! Csym"!=!o#2 decreases rapidly at low
density and becomes very small, leading to little
isospin diffusion. For the bottom panel, Esym;int=A !
38:5"!=!0# $ 21:0"!=!0#2 remains larger at low density,
leading to stronger isospin diffusion and driving the
residues to approximately the same isospin asymmetry.
In both cases, the asymptotic value for Ri"## is first
reached at around 100 fm=c when the two residues sepa-
rate and cease exchanging nucleons as illustrated by the
time evolution images of the collisions for the 124Sn&
124Sn system. This time scale is comparable to the colli-
sion time scale $coll,

FIG. 2. Measured (shaded bars) and calculated (points) val-
ues for Ri. The labels on the calculated values represent the
density dependence of Esym;int=A with increasing ‘‘softness’’
from left to right.
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FIG. 3 (color). Ri"## from BUU calculations are plotted as a
function of time for the mixed systems. Note, Eq. (2) renorm-
alizes the symmetric systems to &1 and $1 automatically. The
top and bottom panels show the calculated results with
E sym;int=A ! 12:125"!=!0#2 and Esym;int=A ! 38:5"!=!0# $
21:0"!=!0#2, respectively. The bands above (below) zero repre-
sent the system with 124Sn (112Sn) as the projectile. Images of
the time evolution of collisions for the 124Sn& 124Sn system are
superimposed on the upper panel suggesting that the projectile
and target separate at around 100 fm=c.
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FIG. 3. Free-neutron (upper panel) and proton (lower panel)
average multiplicities as a function of the projectile charge minus
the average QP residue charge. QP (dots) and MRM (squares)
multiplicities are illustrated. Solid lines are fitted to the obtained
values and dashed lines to the upper and lower uncertainties.

to QP neutron emission. Nevertheless, the neutron multiplicity
extracted for the MRM is two to three times larger than for the
one associated with the QP. The extracted multiplicities were
linearized, as shown in Fig. 3, to provide a continuous relation
between the multiplicities of free nucleons and centrality. Error
bars extracted from the optimization are shown.

Evident in the top panel of Fig. 4 is the dependence of
the atomic number of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) on centrality.
With increasing centrality the size of the QP decreases from
Z ≈ 28 to Z ≈ 21 whereas the size of the MRM increases
from a value of Z ≈ 5 to Z ≈ 8. The decrease in the size
of the QP is associated with an increase in the emitted
charge. For peripheral collisions, Zres = 25 and Zemitted = 3
but for midperipheral collisions Zres = 9 and Zemitted = 12,

FIG. 4. Upper panel: Average charge of the QP and MRM as
a function of the charge difference between the projectile and the
residue. Lower panel: Average N/Z ratios of QP (solid circles)
and MRM (solid squares) as a function of the charge difference
between the projectile and the residue. The open symbols correspond
to the clusters. Thin dotted line: original N/Z of the projectile and
target. Errors reported reflect the multisource fit uncertainty for free
nucleons.

consistent with increased excitation. For the most central
collisions presented, the atomic number of the QP and MRM
are constant.

The average N/Z of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) are displayed in
the lower panel of Fig. 4. A clusterized charge of at least 2 units
is required in the MRM to avoid MRM N/Z ratios computed
only with free nucleons. The value of the N/Z ratio for the
MRM (solid squares) increases with increasing centrality from
1.19 (peripheral) to 1.35 (semiperipheral). For reference, N/Z
of the system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, N/Z of the MRM exceeds
N/Z of the system. In contrast, N/Z of the QP (solid circles)
is relatively constant over the same centrality range with a
value of ≈1.07 ± 0.04, slightly less than the N/Z ratio of the
original system. The uncertainty in the reconstructed N/Z lies
largely with the uncertainty in the nucleon emission. To assess
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We now explore the relationship between isospin dif-
fusion, and the asymmetry term of the EOS. The
Boltzmann-Uehling-Uhlenbeck (BUU) [23,24] formal-
ism calculates the time evolution of the colliding system
using a self-consistent mean field. The isospin indepen-
dent part of the mean field in these calculations is
momentum independent and described by an incompres-
sibility coefficient of K ! 210 MeV [15]. The interaction
component of the asymmetry term in three sets of calcu-
lations provides a contribution to the symmetry energy
per nucleon of the form Esym;int=A ! Csym"!=!0#" where
Csym is set to 12.125 MeV and " ! 2, 1, and 1=3. Here,
smaller values for " dictate a weaker density dependence
for Esym;int. The fourth set of calculations, referred to as
SKM, uses an interaction asymmetry term providing
Esym;int=A ! 38:5"!=!0# $ 21:0"!=!0#2 [25] and has the
weakest density dependence at ! % !0.

Calculations were performed for the 124Sn& 124Sn,
124Sn& 112Sn, 112Sn& 124Sn, and 112Sn& 112Sn systems
at an impact parameter of b ! 6 fm [15]. We employed
ensembles of 800 test particles per calculation and
we followed each calculation for an elapsed time of
216 fm=c. At this late time, the projectile and target
residues can be cleanly separated. We further require
that all nucleons in the region assigned to a projectile
residue to be at a density greater than 0:05!0 and have a
center of mass velocity more than half that of the beam.
To reduce statistical fluctuations in the results, we aver-
aged them over 20 calculations for each system and used
the average numbers of neutrons and protons in the resi-
due to compute its average asymmetry h#i.

Using the calculated h#i, as the isospin observable, x,
in Eq. (2), we plot Ri"## as a function of time in Fig. 3 for
the stiffest asymmetry term (!2, top panel) and the softest
asymmetry term (SKM, bottom panel). By construction,
Ri"## describes the evolution of isospin asymmetry for
the projectiles (112Sn or 124Sn) in the mixed reactions
relative to that for the symmetric 124Sn& 124Sn (with
Ri ! 1) and 112Sn& 112Sn (Ri ! $1) systems. The
widths of the bands reflect the statistical uncertainties
of the calculated values. Initially, Ri"## ! 1 for 124Sn and
Ri"## ! $1 for 112Sn projectile. Subsequent isospin dif-
fusion drives the Ri"## values towards zero. Even though
preequilibrium emission from the projectile remnants
influences h#i, Ri"## is not strongly modified because
preequilibrium emission is largely target independent
and therefore canceled in Ri"## by construction.

The influence of the asymmetry term depends on its
magnitude at subsaturation density [24,26]. For the top
panel, Esym;int=A ! Csym"!=!o#2 decreases rapidly at low
density and becomes very small, leading to little
isospin diffusion. For the bottom panel, Esym;int=A !
38:5"!=!0# $ 21:0"!=!0#2 remains larger at low density,
leading to stronger isospin diffusion and driving the
residues to approximately the same isospin asymmetry.
In both cases, the asymptotic value for Ri"## is first
reached at around 100 fm=c when the two residues sepa-
rate and cease exchanging nucleons as illustrated by the
time evolution images of the collisions for the 124Sn&
124Sn system. This time scale is comparable to the colli-
sion time scale $coll,

FIG. 2. Measured (shaded bars) and calculated (points) val-
ues for Ri. The labels on the calculated values represent the
density dependence of Esym;int=A with increasing ‘‘softness’’
from left to right.
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FIG. 3 (color). Ri"## from BUU calculations are plotted as a
function of time for the mixed systems. Note, Eq. (2) renorm-
alizes the symmetric systems to &1 and $1 automatically. The
top and bottom panels show the calculated results with
E sym;int=A ! 12:125"!=!0#2 and Esym;int=A ! 38:5"!=!0# $
21:0"!=!0#2, respectively. The bands above (below) zero repre-
sent the system with 124Sn (112Sn) as the projectile. Images of
the time evolution of collisions for the 124Sn& 124Sn system are
superimposed on the upper panel suggesting that the projectile
and target separate at around 100 fm=c.
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FIG. 3. Free-neutron (upper panel) and proton (lower panel)
average multiplicities as a function of the projectile charge minus
the average QP residue charge. QP (dots) and MRM (squares)
multiplicities are illustrated. Solid lines are fitted to the obtained
values and dashed lines to the upper and lower uncertainties.

to QP neutron emission. Nevertheless, the neutron multiplicity
extracted for the MRM is two to three times larger than for the
one associated with the QP. The extracted multiplicities were
linearized, as shown in Fig. 3, to provide a continuous relation
between the multiplicities of free nucleons and centrality. Error
bars extracted from the optimization are shown.

Evident in the top panel of Fig. 4 is the dependence of
the atomic number of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) on centrality.
With increasing centrality the size of the QP decreases from
Z ≈ 28 to Z ≈ 21 whereas the size of the MRM increases
from a value of Z ≈ 5 to Z ≈ 8. The decrease in the size
of the QP is associated with an increase in the emitted
charge. For peripheral collisions, Zres = 25 and Zemitted = 3
but for midperipheral collisions Zres = 9 and Zemitted = 12,

FIG. 4. Upper panel: Average charge of the QP and MRM as
a function of the charge difference between the projectile and the
residue. Lower panel: Average N/Z ratios of QP (solid circles)
and MRM (solid squares) as a function of the charge difference
between the projectile and the residue. The open symbols correspond
to the clusters. Thin dotted line: original N/Z of the projectile and
target. Errors reported reflect the multisource fit uncertainty for free
nucleons.

consistent with increased excitation. For the most central
collisions presented, the atomic number of the QP and MRM
are constant.

The average N/Z of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) are displayed in
the lower panel of Fig. 4. A clusterized charge of at least 2 units
is required in the MRM to avoid MRM N/Z ratios computed
only with free nucleons. The value of the N/Z ratio for the
MRM (solid squares) increases with increasing centrality from
1.19 (peripheral) to 1.35 (semiperipheral). For reference, N/Z
of the system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, N/Z of the MRM exceeds
N/Z of the system. In contrast, N/Z of the QP (solid circles)
is relatively constant over the same centrality range with a
value of ≈1.07 ± 0.04, slightly less than the N/Z ratio of the
original system. The uncertainty in the reconstructed N/Z lies
largely with the uncertainty in the nucleon emission. To assess

051602-4

δ =
ρn − ρp

ρTotal

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

Nuclear Equation of State

➜ Migration of neutron to low-density region

that the isospin asymmetry of the projectile remnant is
half way between that of the projectile and the ‘‘equili-
bration value.’’

We now explore the relationship between isospin dif-
fusion, and the asymmetry term of the EOS. The
Boltzmann-Uehling-Uhlenbeck (BUU) [23,24] formal-
ism calculates the time evolution of the colliding system
using a self-consistent mean field. The isospin indepen-
dent part of the mean field in these calculations is
momentum independent and described by an incompres-
sibility coefficient of K ! 210 MeV [15]. The interaction
component of the asymmetry term in three sets of calcu-
lations provides a contribution to the symmetry energy
per nucleon of the form Esym;int=A ! Csym"!=!0#" where
Csym is set to 12.125 MeV and " ! 2, 1, and 1=3. Here,
smaller values for " dictate a weaker density dependence
for Esym;int. The fourth set of calculations, referred to as
SKM, uses an interaction asymmetry term providing
Esym;int=A ! 38:5"!=!0# $ 21:0"!=!0#2 [25] and has the
weakest density dependence at ! % !0.

Calculations were performed for the 124Sn& 124Sn,
124Sn& 112Sn, 112Sn& 124Sn, and 112Sn& 112Sn systems
at an impact parameter of b ! 6 fm [15]. We employed
ensembles of 800 test particles per calculation and
we followed each calculation for an elapsed time of
216 fm=c. At this late time, the projectile and target
residues can be cleanly separated. We further require
that all nucleons in the region assigned to a projectile
residue to be at a density greater than 0:05!0 and have a
center of mass velocity more than half that of the beam.
To reduce statistical fluctuations in the results, we aver-
aged them over 20 calculations for each system and used
the average numbers of neutrons and protons in the resi-
due to compute its average asymmetry h#i.

Using the calculated h#i, as the isospin observable, x,
in Eq. (2), we plot Ri"## as a function of time in Fig. 3 for
the stiffest asymmetry term (!2, top panel) and the softest
asymmetry term (SKM, bottom panel). By construction,
Ri"## describes the evolution of isospin asymmetry for
the projectiles (112Sn or 124Sn) in the mixed reactions
relative to that for the symmetric 124Sn& 124Sn (with
Ri ! 1) and 112Sn& 112Sn (Ri ! $1) systems. The
widths of the bands reflect the statistical uncertainties
of the calculated values. Initially, Ri"## ! 1 for 124Sn and
Ri"## ! $1 for 112Sn projectile. Subsequent isospin dif-
fusion drives the Ri"## values towards zero. Even though
preequilibrium emission from the projectile remnants
influences h#i, Ri"## is not strongly modified because
preequilibrium emission is largely target independent
and therefore canceled in Ri"## by construction.

The influence of the asymmetry term depends on its
magnitude at subsaturation density [24,26]. For the top
panel, Esym;int=A ! Csym"!=!o#2 decreases rapidly at low
density and becomes very small, leading to little
isospin diffusion. For the bottom panel, Esym;int=A !
38:5"!=!0# $ 21:0"!=!0#2 remains larger at low density,
leading to stronger isospin diffusion and driving the
residues to approximately the same isospin asymmetry.
In both cases, the asymptotic value for Ri"## is first
reached at around 100 fm=c when the two residues sepa-
rate and cease exchanging nucleons as illustrated by the
time evolution images of the collisions for the 124Sn&
124Sn system. This time scale is comparable to the colli-
sion time scale $coll,

FIG. 2. Measured (shaded bars) and calculated (points) val-
ues for Ri. The labels on the calculated values represent the
density dependence of Esym;int=A with increasing ‘‘softness’’
from left to right.
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FIG. 3 (color). Ri"## from BUU calculations are plotted as a
function of time for the mixed systems. Note, Eq. (2) renorm-
alizes the symmetric systems to &1 and $1 automatically. The
top and bottom panels show the calculated results with
E sym;int=A ! 12:125"!=!0#2 and Esym;int=A ! 38:5"!=!0# $
21:0"!=!0#2, respectively. The bands above (below) zero repre-
sent the system with 124Sn (112Sn) as the projectile. Images of
the time evolution of collisions for the 124Sn& 124Sn system are
superimposed on the upper panel suggesting that the projectile
and target separate at around 100 fm=c.
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FIG. 3. Free-neutron (upper panel) and proton (lower panel)
average multiplicities as a function of the projectile charge minus
the average QP residue charge. QP (dots) and MRM (squares)
multiplicities are illustrated. Solid lines are fitted to the obtained
values and dashed lines to the upper and lower uncertainties.

to QP neutron emission. Nevertheless, the neutron multiplicity
extracted for the MRM is two to three times larger than for the
one associated with the QP. The extracted multiplicities were
linearized, as shown in Fig. 3, to provide a continuous relation
between the multiplicities of free nucleons and centrality. Error
bars extracted from the optimization are shown.

Evident in the top panel of Fig. 4 is the dependence of
the atomic number of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) on centrality.
With increasing centrality the size of the QP decreases from
Z ≈ 28 to Z ≈ 21 whereas the size of the MRM increases
from a value of Z ≈ 5 to Z ≈ 8. The decrease in the size
of the QP is associated with an increase in the emitted
charge. For peripheral collisions, Zres = 25 and Zemitted = 3
but for midperipheral collisions Zres = 9 and Zemitted = 12,

FIG. 4. Upper panel: Average charge of the QP and MRM as
a function of the charge difference between the projectile and the
residue. Lower panel: Average N/Z ratios of QP (solid circles)
and MRM (solid squares) as a function of the charge difference
between the projectile and the residue. The open symbols correspond
to the clusters. Thin dotted line: original N/Z of the projectile and
target. Errors reported reflect the multisource fit uncertainty for free
nucleons.

consistent with increased excitation. For the most central
collisions presented, the atomic number of the QP and MRM
are constant.

The average N/Z of the reconstructed QP and MRM (free
nucleons, particles, and all heavier fragments) are displayed in
the lower panel of Fig. 4. A clusterized charge of at least 2 units
is required in the MRM to avoid MRM N/Z ratios computed
only with free nucleons. The value of the N/Z ratio for the
MRM (solid squares) increases with increasing centrality from
1.19 (peripheral) to 1.35 (semiperipheral). For reference, N/Z
of the system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, N/Z of the MRM exceeds
N/Z of the system. In contrast, N/Z of the QP (solid circles)
is relatively constant over the same centrality range with a
value of ≈1.07 ± 0.04, slightly less than the N/Z ratio of the
original system. The uncertainty in the reconstructed N/Z lies
largely with the uncertainty in the nucleon emission. To assess

051602-4

δ =
ρn − ρp

ρTotal
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Nuclear Equation of State

➜ Migration of neutron to low-density region

that the isospin asymmetry of the projectile remnant is
half way between that of the projectile and the ‘‘equili-
bration value.’’

We now explore the relationship between isospin dif-
fusion, and the asymmetry term of the EOS. The
Boltzmann-Uehling-Uhlenbeck (BUU) [23,24] formal-
ism calculates the time evolution of the colliding system
using a self-consistent mean field. The isospin indepen-
dent part of the mean field in these calculations is
momentum independent and described by an incompres-
sibility coefficient of K ! 210 MeV [15]. The interaction
component of the asymmetry term in three sets of calcu-
lations provides a contribution to the symmetry energy
per nucleon of the form Esym;int=A ! Csym"!=!0#" where
Csym is set to 12.125 MeV and " ! 2, 1, and 1=3. Here,
smaller values for " dictate a weaker density dependence
for Esym;int. The fourth set of calculations, referred to as
SKM, uses an interaction asymmetry term providing
Esym;int=A ! 38:5"!=!0# $ 21:0"!=!0#2 [25] and has the
weakest density dependence at ! % !0.

Calculations were performed for the 124Sn& 124Sn,
124Sn& 112Sn, 112Sn& 124Sn, and 112Sn& 112Sn systems
at an impact parameter of b ! 6 fm [15]. We employed
ensembles of 800 test particles per calculation and
we followed each calculation for an elapsed time of
216 fm=c. At this late time, the projectile and target
residues can be cleanly separated. We further require
that all nucleons in the region assigned to a projectile
residue to be at a density greater than 0:05!0 and have a
center of mass velocity more than half that of the beam.
To reduce statistical fluctuations in the results, we aver-
aged them over 20 calculations for each system and used
the average numbers of neutrons and protons in the resi-
due to compute its average asymmetry h#i.

Using the calculated h#i, as the isospin observable, x,
in Eq. (2), we plot Ri"## as a function of time in Fig. 3 for
the stiffest asymmetry term (!2, top panel) and the softest
asymmetry term (SKM, bottom panel). By construction,
Ri"## describes the evolution of isospin asymmetry for
the projectiles (112Sn or 124Sn) in the mixed reactions
relative to that for the symmetric 124Sn& 124Sn (with
Ri ! 1) and 112Sn& 112Sn (Ri ! $1) systems. The
widths of the bands reflect the statistical uncertainties
of the calculated values. Initially, Ri"## ! 1 for 124Sn and
Ri"## ! $1 for 112Sn projectile. Subsequent isospin dif-
fusion drives the Ri"## values towards zero. Even though
preequilibrium emission from the projectile remnants
influences h#i, Ri"## is not strongly modified because
preequilibrium emission is largely target independent
and therefore canceled in Ri"## by construction.

The influence of the asymmetry term depends on its
magnitude at subsaturation density [24,26]. For the top
panel, Esym;int=A ! Csym"!=!o#2 decreases rapidly at low
density and becomes very small, leading to little
isospin diffusion. For the bottom panel, Esym;int=A !
38:5"!=!0# $ 21:0"!=!0#2 remains larger at low density,
leading to stronger isospin diffusion and driving the
residues to approximately the same isospin asymmetry.
In both cases, the asymptotic value for Ri"## is first
reached at around 100 fm=c when the two residues sepa-
rate and cease exchanging nucleons as illustrated by the
time evolution images of the collisions for the 124Sn&
124Sn system. This time scale is comparable to the colli-
sion time scale $coll,

FIG. 2. Measured (shaded bars) and calculated (points) val-
ues for Ri. The labels on the calculated values represent the
density dependence of Esym;int=A with increasing ‘‘softness’’
from left to right.
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FIG. 3 (color). Ri"## from BUU calculations are plotted as a
function of time for the mixed systems. Note, Eq. (2) renorm-
alizes the symmetric systems to &1 and $1 automatically. The
top and bottom panels show the calculated results with
E sym;int=A ! 12:125"!=!0#2 and Esym;int=A ! 38:5"!=!0# $
21:0"!=!0#2, respectively. The bands above (below) zero repre-
sent the system with 124Sn (112Sn) as the projectile. Images of
the time evolution of collisions for the 124Sn& 124Sn system are
superimposed on the upper panel suggesting that the projectile
and target separate at around 100 fm=c.

P H Y S I C A L R E V I E W L E T T E R S week ending
13 FEBRUARY 2004VOLUME 92, NUMBER 6

062701-3 062701-3

E(ρ, δ) = E(ρ, δ = 0) + Esym(ρ)δ2

➜ Low-density density 
always present between 
two interacting nuclei

➜ Observation of n-rich 
material in overlap region 
for a symmetric system

Collisions of N/Z asymmetric nuclei
➜ Short times 

Ideally: Long-lived system
➜ Damped collisions
➜ Binary decay of PLF*

Thériault et al., PRC 74, 051602(R) (2006)
Tsang et al., PRL 92, 062701 (2004)

64Zn + 64Zn @ 45 MeV/A
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PLF* Binary Decay



• Process with a large cross-section, observed for a variety of systems

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z
• Angular momentum

- Rotation angle can be used as a “clock”

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z
• Angular momentum

- Rotation angle can be used as a “clock”
• Relatively long-lived system ( > 100 fm/c)

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)

Casini et al., PRL71, 2567 (1993); Piantelli et al., RPL88, 052701 (2002)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z
• Angular momentum

- Rotation angle can be used as a “clock”
• Relatively long-lived system ( > 100 fm/c)

• Fragments emitted near the projectile velocity 

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)

Casini et al., PRL71, 2567 (1993); Piantelli et al., RPL88, 052701 (2002)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z
• Angular momentum

- Rotation angle can be used as a “clock”
• Relatively long-lived system ( > 100 fm/c)

• Fragments emitted near the projectile velocity 
- Not mid-rapidity emission

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)

Casini et al., PRL71, 2567 (1993); Piantelli et al., RPL88, 052701 (2002)



• Process with a large cross-section, observed for a variety of systems

• Selectable size, initial N/Z
• Angular momentum

- Rotation angle can be used as a “clock”
• Relatively long-lived system ( > 100 fm/c)

• Fragments emitted near the projectile velocity 
- Not mid-rapidity emission

• The system is not in close proximity with the target but could be 
influenced by the target Coulomb field
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PLF* Binary Decay

From Colin et al.

Montoya et al., PRL73, 3070 (1994); Bocage et al., NPA676, 391 (2000)

Davin et al., PRC65, 064614 (2002); Colin et al., PRC67, 064603 (2003)

McIntosh et al., PRC81, 034603 (2010)

Casini et al., PRL71, 2567 (1993); Piantelli et al., RPL88, 052701 (2002)
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Experimental Setup
124Xe 124Sn 112Sn
1.30 1.48 1.24

FIRST: T. Paduszynski et al., NIMA 547, 464 (2005)

124(,136)Xe + 112, 124Sn @ 49.2 MeV/A

Experiment performed at GANIL (France)

N/Z
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Experimental Setup

• T1: Si-Si-CsI(Tl)
- 2.8° ≤ θLab ≤ 6.6°
- Z = 1-55; A for Z = 1-14

124Xe 124Sn 112Sn
1.30 1.48 1.24

273µm Si(IP) 1001µm Si(IP) 3.3cm CsI(Tl)/PD 

48 rings 
16 “pies” 

48 rings 
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N/Z



BEAM

September 4, 2012Sylvie Hudan, Asy-EOS 2012, Siracusa

Experimental Setup

• T1: Si-Si-CsI(Tl)
- 2.8° ≤ θLab ≤ 6.6°
- Z = 1-55; A for Z = 1-14

• T2: Si-CsI(Tl)
- 7.3° ≤ θLab ≤ 14.3°
- Z = 1-24; A for Z=1-8

124Xe 124Sn 112Sn
1.30 1.48 1.24

273µm Si(IP) 1001µm Si(IP) 3.3cm CsI(Tl)/PD 

48 rings 
16 “pies” 

48 rings 
16 “pies” 16 “pies” 

16 rings (x4 quadrants) 
16 “pies” 

16 “pies” 

3.3 cm CsI(Tl)/PD 500µm Si(IP) 

FIRST: T. Paduszynski et al., NIMA 547, 464 (2005)

124(,136)Xe + 112, 124Sn @ 49.2 MeV/A

Experiment performed at GANIL (France)

N/Z
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Experimental Setup

• T1: Si-Si-CsI(Tl)
- 2.8° ≤ θLab ≤ 6.6°
- Z = 1-55; A for Z = 1-14

• T2: Si-CsI(Tl)
- 7.3° ≤ θLab ≤ 14.3°
- Z = 1-24; A for Z=1-8

• LASSA: 36.4° ≤ θLab ≤ 51.5°
• DEMON: n TOF

124Xe 124Sn 112Sn
1.30 1.48 1.24

273µm Si(IP) 1001µm Si(IP) 3.3cm CsI(Tl)/PD 

48 rings 
16 “pies” 

48 rings 
16 “pies” 16 “pies” 

16 rings (x4 quadrants) 
16 “pies” 

16 “pies” 

3.3 cm CsI(Tl)/PD 500µm Si(IP) 

FIRST: T. Paduszynski et al., NIMA 547, 464 (2005)

124(,136)Xe + 112, 124Sn @ 49.2 MeV/A

Experiment performed at GANIL (France)

N/Z
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Event Characteristics

A.B. McIntosh, PhD Thesis, Indiana University, 2010
A.B. McIntosh et al., PRC 81, 034603 (2010)

124Xe + 112Sn

• Two fragment events characterized 
by large remanent PLF

fragment: Z ≥ 4
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Event Characteristics

A.B. McIntosh, PhD Thesis, Indiana University, 2010
A.B. McIntosh et al., PRC 81, 034603 (2010)

124Xe + 112Sn

• Two fragment events characterized 
by large remanent PLF

Selection: ZHeavy > 20

fragment: Z ≥ 4
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• Heavy fragment near beam velocity
• Light fragment NOT at mid-rapidity
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Aligned Decay Angle between the relative 
velocity and the fragment 
“parent” velocity
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ZL

α

TLF*

n
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Aligned Decay

• Asymmetric angular distributions
• Larger asymmetry for lighter ZL

• Asymmetry persists up to ZL = 18
• Distributions similar for n-rich target

Angle between the relative 
velocity and the fragment 
“parent” velocity
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Aligned Decay

• Asymmetric angular distributions
• Larger asymmetry for lighter ZL

• Asymmetry persists up to ZL = 18
• Distributions similar for n-rich target
✎ Backward enhancement 
observed in Sn+Ni for change of 
target and projectile*

Angle between the relative 
velocity and the fragment 
“parent” velocity

ZH

ZL

α

TLF*

n
p
vREL

vc.m.

*112Sn + 58Ni & 124Sn + 64Ni:
P. Russotto et al., PRC 81, 064605 (2010)

124Xe + Sn
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Isotopic Composition vs Rotation Angle
124Xe + Sn
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Isotopic Composition vs Rotation Angle
• Backward emission neutron-
rich relative to forward emission

• Fragment neutron content 
enhanced for larger alignment 

•  Small target effect on the 
relative neutron composition

• Similar ⟨N⟩/Z observed in 124Sn 
fragmentation @ 600 MeV/A*

• Same trend observed for Z=5-8 
for 124Sn + 64Ni @ 35 MeV/A©

*: C. Sfienti et al., PRL 102, 152701 (2009)
©: E. De Filippo et al., Phys. Rev. C 86, 014610 (2012)

124Xe 124Sn 112Sn
1.30 1.48 1.24N/Z

124Xe + Sn
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Relative Velocity Dependence

• ⟨N⟩/Z decreases with vREL for 
forward decay (Coulomb effect)

• ⟨N⟩/Z increases with vREL for 
backward decay

• All backward decays show the 
same dependence with vREL 

90°-180°66°-90°
37°-66°0°-37°• Larger vREL observed 

for larger alignment
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N/Z Time Dependence

1 zs = 10-21 s = 300 fm/c

124Xe + 112Sn
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pronounced as for ZL = 4
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N/Z Time Dependence
• ZL = 4
• Strong time dependence
• Two components

• ZL = 5,6
• Time dependence not as 
pronounced as for ZL = 4

• ZL = 8
• Similar dependence for 
both short and long times

1 zs = 10-21 s = 300 fm/c

➩ Persistence of N/Z 
equilibration over long times

124Xe + 112Sn

600 fm/c
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Target Effect
64Zn + 27Al, 64Zn, 209Bi @ 45 MeV/A
Angular coverage: θLab = 3.5 - 30°
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Target Effect
64Zn + 27Al, 64Zn, 209Bi @ 45 MeV/A
Angular coverage: θLab = 3.5 - 30°

➡ Aligned decay observed for 
all targets

➡ Similar angular distributions

✎: Similar velocity damping and 
relative velocity

➜ Observations suggest that 
the binary system is prepared 
in a similar way for all targets

Work 
in 

Prog
ress
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Target Effect on Isotopic Composition 
• ⟨N⟩/Z dependence on angle

: C. Sfienti et al., PRL 102, 152701 (2009) for 124La (N/Z = 1.175)

: β-stable N/Z(64Zn): 1.13
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Target Effect on Isotopic Composition 
• ⟨N⟩/Z dependence on angle
• Larger fragment ⟨N⟩/Z for larger 

target
• ⟨N⟩/Z dependence on vREL stronger 

for larger ZTarget for backward decay
• Possible influences:

1. Target as a source of neutrons
2.  Polarization induced by the 

target Coulomb field

: C. Sfienti et al., PRL 102, 152701 (2009) for 124La (N/Z = 1.175)

: β-stable N/Z(64Zn): 1.13

Isolated case
pp
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In the TLF Coulomb field
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Conclusions

S. Hudan et al., PRC 86, 021603(R) (2012)
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Conclusions
The ⟨N⟩/Z of fragments emitted in dynamical decay is correlated with 
rotation angle.
Different vREL dependence are observed for forward and backward emission.
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Different vREL dependence are observed for forward and backward emission.
Similar ⟨N⟩/Z increase with vREL for all backward angles.
Evolution of ⟨N⟩/Z over 2-3 zs (600-900 fm/c)
Target effect on ⟨N⟩/Z:

Small effect if Z is constant and (N/Z)Target changed
Large fragment neutron enrichment for larger target (Z & A)

Difference in ⟨N⟩/Z time dependence for different ZL may be related to 
differences in the initial di-nuclear configuration (different position relative to 
saddle and scission points).
Target effect due to the target as a neutron reservoir? polarization?
In the future, use of damped reactions at radioactive beam facilities? 
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