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 ABSTRACT 
  Results are presented for the distributions of prod-

ucts generated in the dynamical breakup of projectile-like 

fragments (PLF) following dissipative reactions of 
48

Ca 

projectiles with 
112

Sn and 
124

Sn target nuclei.  Aligned 

breakup kinematics and fragment yields suggest that PLF 

splitting occurs in the proximity of the target-like frag-

ment (TLF) under the influence of nuclear interactions. 

The isotopic distributions of intermediate-mass clusters 

with Z = 3-7 from PLF breakup exhibit “isoscaling” regu-

larities that can be understood in terms of a simple phase 

space model governed by ground state mass differences. 

However, the derived isoscaling parameters show ambi-

guities, whose resolution requires knowledge of the pri-

mary reaction scenario. This requirement further compli-

cates attempts to derive the nuclear symmetry energy at 

subnormal densities. Theoretical molecular-dynamics and 

one-body transport simulation calculations fail to repro-

duce experimental data. 

 

I. INTRODUCTION 

The present article reports on results obtained by the 

CECIL collaboration at the Laboratori Nazionali del Sud 

(LNS) Catania in a study of multi-particle correlations in 

the reactions 
48

Ca+
112

Sn and 
48

Ca+
124

Sn at an “intermedi-

ate” laboratory bombarding energy of E/A = 45 MeV. 

Intermediate-energy heavy-ion reactions mark the inter-

esting transition from a mean-field (one-body) dominated 

mass and energy flow between interacting nuclei to the 

domain of viscous nuclear hydrodynamics. Such heavy-

ion reactions can presumably also produce excited nuclear 

systems at the limits of mechanical and chemical stability 

[1-3], with unusual mass density profiles [4] and decay 

patterns [5] not observed in other processes [6].  

A major objective of the present experiment was to 

explore regularities in the isotopic distributions of prod-

ucts emitted following dissipative interactions [7] of the 

same projectile (
48

Ca) with target nuclei of different A/Z 

ratios. Such different entrance channel A/Z or “isospin” 

asymmetries are expected [7] to generate isospin depend-

ent driving potentials affecting the differential exchanges 

of neutrons and protons between projectile and target nu-

clei which in the process may acquire substantial excita-

tions and diluted matter distributions.  

In principle, intermediate-energy heavy-ion reactions 

may provide access to the equilibrium nuclear equation of 

state (EOS) [8], specifically to the density dependence of 

the nuclear symmetry energy [9]. This type of information 

is not only of interest to basic nuclear science. It is also 

needed to understand cosmological phenomena, both 

structures and processes. An essential prerequisite for a 

valid interpretation of reaction data is a realistic assess-

ment of pre-equilibrium effects [10, 11] and an under-

standing of the degree of equilibration reached by the 

systems under study. Earlier works [12, 13] have demon-

strated that fast pre-equilibrium particle emission does not 

only limit the energy available for nuclear excitation but 

can significantly and unpredictably alter the identities of 

these systems in Z and A. To be able to disentangle even 

some of these complexities puts high demands on the 

experimental event coverage, favoring 4 particle detec-

tion such as afforded by the CHIMERA multi-detector 

array [14-16] at LNS Catania. 

Unfortunately, regularities in the isotopic distribu-

tions of observed light particles, intermediate-mass or 

more massive fragments arises from a combination of 
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effects associated with primary reaction and secondary 

decay. Obviously, the main interest concerns the former 

regularities, those exhibited by the primary reaction prod-

ucts, which poses the problem as to how to unravel the 

desired information on the effective symmetry energy 

hidden in the observations. This task certainly requires a 

comprehensive evaluation of the various exit channel 

components, including particles produced in fast emission 

and slower fission-like and evaporation processes. 

The following section presents a brief summary of 

experimental and analytical procedures. Section III pre-

sents experimental evidence for the reaction mechanisms 

leading to the emission of intermediate-mass cluster 

fragments. The observed isotopic regularities are dis-

cussed and interpreted in Section IV. 

  

II. EXPERIMENTAL PROCEDURES 

The experiment was carried out using the K800 cy-

clotron at the LNS Catania. Isotopically enriched, self-

supporting targets of 
124

Sn and 
112

Sn with thicknesses of 

689 μg/cm2 and 627 μg/cm
2
, respectively, were placed 

inside the CHIMERA array. The targets were bombarded 

with a pulsed 
48

Ca beam of energy E/A = 45 MeV. The 

beam had a repetition period of 120 ns. The CHIMERA 

array consists of 1192 ΔE-E (Si-CsI(Tl)) telescopes which 

cover  ~94% of the solid angle. Each telescope consists of 

a 300-μm thick silicon detector, while CsI(Tl) detectors 

have different thicknesses depending on the polar angle . 

Energy calibrations for silicon detectors were carried 

out using 
12

C and 
16

O beams from the LNS MP Tandem 

accelerator, along with elastically scattered 
48

Ca projec-

tiles. Except for several test and calibration runs, the data 

acquisition system was set to trigger on a minimum-bias 

condition of charged-particle multiplicity M ≥ 2, thus 

excluding elastic scattering and weakly dissipative colli-

sions from being recorded. Reaction products were char-

acterized according to atomic number Z, mass number A, 

energy and emission angles, utilizing the measured time 

of flight (TOF), energy and light output information ob-

tained from the ΔE-E telescopes. More details on the ex-

perimental setup are provided elsewhere [Quinlan, 2011 

PhD]. 

For the present study, mostly data collected in the 

forward angular region (6
o
 ≤ θ ≤ 20

o
) were considered. 

These data comprise the fast, projectile-like fragments 

(PLF), as well as their decay products. Care was taken to 

exclude from the present consideration any product asso-

ciated with the decay of the target-like fragment (TLF). 

Figure 2: Histogram of the angle integrated isotopic distri-

bution for Li fragments from the 48Ca + 124Sn reaction. The 

curve represents a Gaussian fit. 
 

As an example for raw data obtained for light 

charged particles (LCP) and intermediate-mass fragments 

(IMF), a 2-dimensional correlation plot is given in Fig. 1, 

demonstrating isotopic separation for elements with 1 ≤ Z 

≤ 9. Fig. 2 provides a linearized plot of angle-integrated 

data for Li-isotopes emitted in the reaction 
48

Ca + 
124

Sn. 

The smooth line drawn through the data represents a mul-

tiple Gaussian fit to the sum yield for 6≤ A ≤9. A good 

isotopic resolution of the detection system is clearly visi-

ble in this figure. It also shows the production probability 

to be at a maximum for the β-stable isotope 
7
Li. 

The good angular coverage afforded by the       

CHIMERA array allowed a reasonably realistic recon-

struction of the event history to be performed from corre-

lated particle emission patterns. For example, Ca-like PLF 

fragments were reconstructed kinematically from the fast, 

forward emitted ensemble of PLF remnants, IMFs and 

LCPs. In such events, much of the reconstructed mass and 

charge was observed in form of pairs of one correlated 

IMF (3 ≤ Z ≤ 5) and a corresponding heavier PLF rem-

nant. Further details of measurement and analysis are 

reported elsewhere [17]. 

Figure 1: Raw event correlation between energy deposit in 

the Si detector and total energy measured for the 48Ca + 
124Sn reaction at a laboratory angle of θ = 19o. The cutoff at 

channel number 165 is due to electronic thresholds. 
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In order to obtain an overview overall of the reactive 

scenario, the following discussion will concentrate on the 

behavior of the reconstructed PLF (IMF+PLF remnant) 

and the modalities of its disintegration, as evidenced in 

the observed fragment emission patterns.   

 

III. REACTION MECHANISM:  DYNAMIC PRO-

JECTILE BREAKUP FOLLOWING DISSIPATIVE 

COLLISIONS 

As discussed above, in the present experiment a re-

construction of the event reaction history prior to the sub-

sequent fragment disintegration has approximately been 

possible for the present 
48

Ca+
112

Sn and 
48

Ca+
124

Sn reac-

tions at E/A=45 MeV.  

Interesting results are illustrated in Fig. 3 for the re-

action 
48

Ca+
112

Sn. Here, Wilczyński-type contour dia-

grams of the yield are shown on logarithmic scale, for the 

reconstructed PLF kinetic energy (T_PLF, top) and the 

PLF velocity (|v|_PLF, bottom). On average, the experi-

mental yield ridges appear to evolve with PLF laboratory 

angle and kinetic energy as expected (solid dots and curve 

in upper panel) for a dissipative reaction. The open sym-

bols connected by a curve in Fig. 3a represent calcula-

tions with dissipative reaction code CLAT [18]. The solid 

symbols represent the same calculations but corrected for 

sequential nuclear decay using the code GEMINI [19].  

However, it turns out that the agreement between 

theory and data illustrated in Fig. 3a is deceptive. As 

demonstrated by Fig. 3b showing the same data as in Fig 

3a, but now plotted vs. mean PLF velocity instead of PLF 

kinetic energy, significant discrepancies between theory 

and data do exist. Less kinetic energy than predicted ap-

pears to be dissipated in the reaction. Such discrepancy 

with data is not limited to the particular model illustrated 

in Fig. 3. Similar, if not larger, discrepancies are found in 

corresponding comparisons between data and more mi-

croscopic QMD calculations [20]. 

The above apparent inconsistency of experimental 

Wilczyński-type diagrams plotted vs. different observa-

bles is resolved by the observation that the PLF, after its 

dissipative interaction with the target-like nucleus (TLF), 

does not decay in a statistical fashion. Rather, the excited 

PLF appears to break up in a fashion dominated by dy-

namical effects, which may be generated by the proximity 

of the TLF. This conclusion is suggested by data for the 

same reaction 
48

Ca+
112

Sn such as shown, in Fig. 4a for the 

heavier and in Fig. 4b for the lighter, intermediate-mass 

(IMF) PLF remnants, respectively. In this figure, loga-

rithmic contours of the respective Galilei invariant cross 

sections  2
d d d   

 
 are plotted vs. velocity compo-

nents parallel and perpendicular to the beam direction. 

PLF remnants are selected at forward angles (|QPLF|<18
0
), 

which are kinematically inaccessible by such particles if 

emitted from the TLF. The elongated emission patterns 

observed in Fig. 4 are obviously very different from the 

circular patterns expected for sequential statistical emis-

sion from a PLF source disintegrating in flight.  

In fact, there are several additional pieces of experi-

mental evidence supporting a mechanism in which the 

PLF, after its dissipative interaction with the target-like 

nucleus (TLF), breaks up or splits in a fashion dominated 

by dynamics. As discussed in detail elsewhere [17] the 

Figure 3: Experimental Wilczyński contour diagrams 

for the reaction 
48

Ca+
124

Sn @E/A=45 MeV. Top: PLF 

energy vs. angle, bottom: PLF velocity vs. angle. Sym-

bols and curves represent mean predictions by the 

nucleon exchange model (CLAT).Sequential evapora-

tion is accounted for using the GEMINI code. The 

dashed curve (in b) guides the eye along the evolution 

of the main yield with angle.  

Figure 4: Galilei invariant cross section contour dia-

grams, plotted vs. parallel and perpendicular veloci-

ties, for heavier PLF remnants (a) and IMFs (b). The 

arrow indicates the beam velocity. The semi-circular 

boundary at low parallel velocities indicates detection  

thresholds. 
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list of such supporting pieces of evidence includes the 

following observations:  

1. The PLF breakup/split axis lies predominantly in the 

reaction plane.  

2. The orientation of the breakup axis is aligned with the 

direction of flight of the reconstructed PLF.  

3. The relative velocities of the breakup fragments are 

significantly larger than those given by Coulomb repul-

sion and largest in forward and backward directions.  

4. For asymmetric PLF splits, the smaller PLF remnant is 

preferentially emitted in the backward direction (to-

wards the TLF) with exponentially enhanced yields.  

5. Finally, there is a noticeable component of symmetric 

PLF splits that, according to the Businaro-Gallone cri-

terion, is not expected for equilibrium statistical decay 

of a light, Ca-like PLF. 

Inelastic, dynamical breakup is a well-known process 

in the Fermi energy domain [21, 22] for reactions induced 

by lighter projectiles, most often by projectiles exhibiting 

cluster structure. Naturally, instability induced by such 

structure promotes massive-cluster transfer between pro-

jectile and target or incomplete fusion, which has also 

been observed in this energy domain. Here the projectile 

attains a highly deformed, near-breakup configuration in 

the approach phase when overlapping with the target nu-

cleus, before receding again in the exit channel. Figure 5 

presents a contour diagram of relevant three-body poten-

tial energy surfaces (PES), calculated from Coulomb, 

proximity nuclear and centrifugal potentials, for various 

relative angular momenta L. As schematically indicated 

in Fig. 5d, for the purpose of generating a PES, the pro-

jectile configuration is approximated by a pair of frag-

ments, separated as given by a deformation parameter rdef, 

and at a distance rp from the target-like nucleus. Note, that 

in all PES diagrams shown in Fig. 5, the lighter of the two 

PLF fragments is oriented towards the target-like reaction 

partner. Also shown in this figure are schematic system 

trajectories illustrating the competition between different 

reaction modes.  

The L=0 PES (Fig. 5 a) displays the interesting to-

pology featuring a deep potential pocket that could lead to 

complete fusion (F), as well as features driving the system 

to incomplete fusion (IF) or PLF splitting (P.S.) without 

capture of any of the PLF remnants. The binary reaction 

entrance channel is denoted as B.R. in Fig. 5a.  

For intermediate L waves (Fig. 5b), i.e., more periph-

eral interactions, complete and incomplete fusion minima 

or depressions become shallower and eventually disap-

pear from the PES. Here, an apparent PES gradient (P.S.) 

drives an excited PLF to sequential splitting in the prox-

imity and under the influence of the TLF. For a reverse 

orientation of the PLF breakup fragments, where the 

heavier part faces the TLF, the PES has a generally less 

structured topology. Incomplete fusion of the TLF with a 

heavy PLF portion is less likely than for a lighter compo-

nent, a plausible scenario.  

The process illustrated above resembles dynamic ter-

nary fission, a process that has been discussed in the liter-

ature since many years [23-25]. Various theoretical ap-

proaches consider the ejection of an alpha particle or 

small nuclear clusters in the collapse of a matter bridge 

(“neck”) formed between two main fragments. The prob-

ability Y for the ejection of such cluster from an initially 

contiguous surface to a region between the nuclear sur-

faces of the nascent main fragments and the overall Cou-

lomb barrier has been calculated [24] as 

 

 
5 2

exp{ }
  

    
 

s

s eff

ET
P

F T
 (1) 

 

Here,  sE is the energy required for the particles to cross 

the surface, Teff is an effective nuclear temperature, and 

sF is the force acting on the particle in that transition. In 

such a picture, the main dependence of the particle yields 

have the same form as in statistical phase space models 

[23, 25], where third-particle yields are modeled in a fash-

ion similar to Boltzmann statistics, 

 

 
 

exp{ }



CoulQ V

P
T

 (2) 

 

In Equ. 2, the energy exponent contains the Q value 

for formation, the Coulomb barrier VCoul for emission of 

the particle and the specific thermal energy T. While in 

the latter models this energy is assumed to be equal to the 

equilibrium system temperature T, in non-equilibrium 

theories of particle emission in nuclear reactions, this 

quantity is identified with the energy Teff > T available for 

the excitation of a subset of all possible system configura-

tions relevant for the specific process. As an example, 

pre-equilibrium theories of nuclear decay [10, 11] consid-

er the energy transferred to an initial set of particle-hole 

pairs (excitons) in a struck nucleus to be the dominant 

condition for its non-statistical disintegration. In all plau-

sible phase space model scenarios, it is the potential in-

crease in entropy S or in the associated number of ac-

cessed configurations, exp{ }  S , which drives the time 

Figure 5: 3-body potential energy surface (PES) and 

schematic trajectories for PLF breakup in the field of 

the TLF for angular momenta L=0, 80 and 160. The 

PES is plotted vs. PLF deformation parameter rdef and 

PLF-TLF distance, rp. The deformed configuration 

assumed for the PLF is depicted in panel (d). 
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dependent process and determines the cluster yields in 

ternary fission. This conclusion also applies for the dy-

namical breakup process considered here, adding a layer 

of ambiguity to the interpretation of experimental cluster 

yields.  

To produce supporting evidence for the viability of a 

speculative picture such as outlined above requires realis-

tic 3-body reaction simulations that take into account dis-

sipation and associated changes in the interactions of hot 

and expanded nuclei. Such simulations are being consid-

ered but are not yet available anywhere. Nor can one ex-

pect popular QMD or BUU models to be capable of ad-

dressing the observed multi-particle correlations. This 

conclusion is illustrated by the experience made in the 

present case with QMD calculations (cf. Sect. III). These 

models incorporate different approximations of a mean 

field and residual 2-body nucleon-nucleon interactions.   

 

IV. ISOSCALING IN PLF BREAKUP 

A. GENERAL CONSIDERATIONS  

As pointed out previously, major motivation for a 

study of dissipative heavy-ion reactions at intermediate 

bombarding energies derives from the hope to thereby 

assess independently the symmetry energy of nuclear 

systems at diluted mass densities. Nuclei with subnormal 

mass densities are expected to result from thermal expan-

sion of very hot, but still meta-stable primary reaction 

products, e.g., the PLFs and/or TLFs emerging from dis-

sipative reactions or the composite nuclei produced in 

nuclear fusion. The term meta-stable is employed here in 

the usual, pragmatic sense allowing one to apply equilib-

rium thermodynamics to an unstable nuclear system.  

In a statistical disintegration or decay of meta-stable 

primary products, final daughter fragments are expected 

with yields reflecting the multiplicity of partitions of the 

available energy among the possible populations of con-

figuration and phase space. Since heavier nuclear clusters 

can be emitted only from hot, diluted nuclear systems, 

likely from their surfaces, cluster isotopic distributions 

are expected to reflect the mean-field symmetry energy 

for such systems. On the other hand, nucleons and very 

light charged particles, which are also subject to mean-

field interactions, can be emitted already from the initial 

cold system and then at different stages of the reaction 

characterized by various degrees of energy dissipation, 

relaxation and nuclear expansion. In addition, nucleon 

emission undergoes in-medium scattering, mixing the 

effects of mean field and residual interactions in the iso-

spin dependent signals these particles also carry. There-

fore, isotopic effects in nuclear cluster emission should 

reflect the underlying symmetry energy more directly 

than light-particle processes.      

Assumptions of meta-stable equilibrium and preser-

vation of nuclear identities in short evaporation cascades 

appear justified in the interpretation of the early observa-

tions [26] of regularities in the isotopic distributions of 

light and intermediate-mass clusters emitted in dissipative 

reactions close to the interaction barrier. As expected for 

equilibrium situations, the isotopic yields  ,A c cY N Z of 

nuclear clusters  c cN ,Z  resulting from the statistical 

decay of hot primary reaction products A were observed 

to track essentially with Boltzmann statistics,  

 

    , exp{ , }  A
A c c eff c cY N Z Q N Z T  (3) 

 

involving the effective ground-state Q values,

 ,A
eff c cQ N Z , corrected for pairing and shell effects, for 

the emission of clusters from the emitter nucleus A(N, Z) 

and the effective nuclear temperature T. In current termi-

nology, such behavior is known as “iso-scaling,” since the 

Q-values depend most strongly (quadratically) on the 

neutron-proton asymmetry or the nuclear isospin coordi-

nates, I = (N - Z)/2A, of emitter and daughter nuclei. 

However, data obtained for the prevailing low nuclear 

excitations do not provide new information on the density 

dependence of the symmetry energy.  

To produce nuclear systems at the subnormal densi-

ties of interest requires energetic reactions driving the 

nucleus toward complete disassembly. Here, the associat-

ed emission of pre-equilibrium particles, as well as the 

secondary statistical decay of highly excited nuclear clus-

ters, complicates the interpretation of data. In order to 

eliminate some sensitivity of the data interpretation to 

associated systematic uncertainties, work reported [27-31] 

so far in the literature preferentially considers ratios of 

yields, 

 

        

     12 2 1, , ,c c c c c cR N Z Y N Z Y N Z

    

(4) 

  

of clusters (Nc, Zc) emitted from different parent nuclei 

i=1 ,2. Since the binding energy of a nucleus depends 

approximately quadratically on neutron and proton num-

bers measured from the minimum of the valley of  sta-

bility, the individual yields are approximately Gaussians. 

Therefore, one expects a generally exponential depend-

ence of the ratios of primary cluster yields,   

 

  
 

 
 2

12
1

,
, : exp

,
      

c c
c c c c

c c

Y N Z
R N Z C N Z

Y N Z
(5) 

 

Here, C is a constant, while the “isoscaling parameters”  

and  reflect the ratios of the difference in curvatures of 

the  stable valley for the two emitters (i=1,2) and an 

effective temperature parameter T. For a thermodynami-

cally equilibrated system, the latter parameter is identical 

to the equilibrium temperature given by the total available 

energy per nucleon in the system.  

For an equilibrated system at constant temperature T, 

the following relations have been suggested [27, 28] be-

tween isoscaling parameters and symmetry energy coeffi-

cient Csym, 

 

         , ; ,    
sym symC C

N A Z A
T T

 (6) 

 

with the difference function  defined as 
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                  
2 2

1 2

, 4
    

       
     

X X
X A

A A
 (7) 

influencing greatly the sensitivity of the isoscaling pa-

rameters to the symmetry energy. 

In addition to the above ambiguity of the isoscaling 

parameters resulting already from an uncertain meaning 

of the effective temperature parameter, experimental un-

certainties in the reconstruction of pre-evaporative cluster 

identities can further mask the relation between experi-

mental isoscaling systematics and the symmetry energy of 

the highly excited emitters presumably at sub-normal 

densities.  

This resolution effect is easily demonstrated for a ge-

neric stochastic isospin observable Q (I) and its probabil-

ity distribution P(Q). As an example, one can have Q rep-

resent the neutron number of an ensemble of clusters with 

a given Z-value (Zc), rendering P(Q) the isotonic distribu-

tion for that element. In the present context, the first and 

(mostly) the second moments of the true probability dis-

tributions, Q  and 2Q , respectively, are of interest. 

However, the true probability distribution for the observ-

able Q is not directly measurable but subject to finite ex-

perimental detection efficiency and resolution. Essential-

ly, the true distribution P(Q) is folded with the experi-

mental resolution function to yield the actually observed 

distribution P’(Q). Approximately, the experimental reso-

lution function can be represented by a Gaussian with 

second moment 2
 . For poor resolutions, e.g. caused by 

significant neutron emission from the primary clusters, 

the observed distributions P’(Q) whose widths are essen-

tially dominated by the width of the resolution functions. 

Taking the ratio of observed distributions  1
P Q and

 2
P Q  for two different emitting systems (1 and 2), as 

done typically in experimental analysis, amounts then to a 

comparison of two slightly displaced Gaussians. Under 

these conditions, one predicts a dependence of R12 on the 

observable Q to be given approximately by 

 

 
 

 

2

2 1 2 12
12 2 2

1

:
2   

 
      
      

         

Q QP Q
n R n Q

P Q
 (8) 

 

Here, the operator 2 1 denotes the difference of the cor-

responding quantity in system 2 minus that for system 1. 

Obviously, in this approximation one expects a logarith-

mic straight line for the yield ratio    12 2 1
 R P Q P Q

when plotted vs. the observable Q, e.g., the neutron num-

ber for a fixed cluster element. However, in distinction to 

Equ. 5, the slope of the logarithmic line defined by Equ. 8 

is determined by the difference in mean values of the two 

distributions and by the experimental resolution. Infor-

mation on the desired second moments relating to the 

symmetry energy is no longer contained in this approxi-

mation. Both, slope and intercept of the isoscaling lines 

are strongly affected by the experimental resolution, and 

their valid interpretation relies therefore heavily on theo-

retical modeling, e.g., a good account of neutron evapora-

tion processes. 

B.  EXPERIMENTAL RESULTS AND  

DISCUSSION 

The above obstacles limit the class of reactions that 

can provide reliable information on the symmetry energy 

of hot, expanded nuclear matter. Nevertheless, isoscaling 

analyses have been performed [26-34] for cluster emis-

sion in a variety of nuclear reactions, e.g., for dissipative 

collisions, multi-fragmentation at intermediate or relativ-

istic energies and for statistical evaporation. The data 

discussed below emphasize the need for a reliable identi-

fication of the reaction mechanism as a prerequisite for a 

valid interpretation of the corresponding isoscaling data. 

The present work reports on a new case of PLF clus-

ter emission in dissipative reactions 
48

Ca + 
124

Sn and 
48

Ca 

+ 
112

Sn at Elab/A = 45 MeV. As explained in Section III. In 

these experiments, kinematically well identified Ca-like 

PLFs from dissipative interactions of Ca projectile ions 

with with Sn target nuclei are observed to split in a fis-

sion-type fashion into an intermediate-mass cluster and a 

PLF remnant. It is known from the multiplicities of asso-

ciated light charged particles that these events emerge 

from a range of impact parameters intermediate between 

peripheral and central collisions. 

As an example of the quality of data obtained in the 

present experiment, Fig. 6 exhibits angle-integrated iso-

topic yields for B clusters emitted in the dynamical 

breakup of PLFs from the two reactions. The smooth 

curves represent Gaussian fits used here just to guide the 

eye, while the quantitative analysis of isotopic ratios dis-

cussed below relies on an integration of the measured 

data.  

From the data displayed in Fig. 6 one observes higher 

yields of the heavier B isotopes from PLFs emerging from 

reactions with the more neutron rich 
124

Sn target. Con-

versely, lighter isotopes are produced with greater proba-

bilities from splits of PLFs after a reaction with the lighter 
112

Sn target nucleus. The corresponding relative en-

hancements are characteristic not only for the integrated 

yields but persist consistently over the range of forward 

angles (6
o
 ≤ θ ≤ 20

o
).  

In the following discussion, the integrated measured 

yields of given cluster isotopes (N, Z) from the breakup 

* ( , ) PLF PLF N Z are plotted as ratios from the two 

Figure 6: Angle-integrated isotopic distributions 

of B clusters emitted in splits of PLFs from reac-

tions induced by 
48

Ca on 
112

Sn and 
124

Sn targets. 

The curves represent Gaussian fits.  
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reactions vs. cluster neutron or proton number (N or Z) in 

the form 

 

   48 124 48 112
, ,( , )   N Z N ZRatio N Z Y Ca Sn Y Ca Sn  (9) 

 

At this stage, no evaporation or other corrections aimed at 

a reconstruction of the primary PLF* have yet been ap-

plied to these data. It is also noted that no angular re-

striction has been applied to the data with respect to the 

alignment of the breakup axis within the experimentally 

well-defined reaction plane. 

Data for the measured raw isotopic ratios for Li, Be, 

B, C and N clusters are shown in Fig. 7 on a semi-

logarithmic scale vs. cluster neutron number N. No evap-

oration or other corrections aiming at a reconstruction of 

the pre-evaporative PLF have been applied. Yet, the plot 

obviously demonstrates the familiar phenomenon of 

isoscaling. This is in contrast to some of the earlier stud-

ies of the effect for projectile fragmentation [32, 33] 

where such isoscaling was not observed without prior 

approximate reconstruction of the primary projectile-like 

fragment PLF* and then only for isotopic data sorted ac-

cording to different bins in N/Z value of the reconstructed 

fragment PLF*.  

It is shown in Fig. 7 for the clusters emitted in PLF* 

breakup for present Ca+Sn reactions, the raw experi-

mental yield ratios for all isotopes of a given element fall 

on a semi-logarithmic straight line, and the lines for dif-

ferent elements are parallel to one another. Going from 

one element to the next heavier element for a given N, the 

isotopic ratios are seen to decrease by an approximately 

constant factor, except for the change from Z = 5 to Z = 6. 

A corresponding behavior is observed for isotone ratios 

plotted vs. cluster Z-value.  

As a further step in the data reduction, “global” 

isoscaling parameters  and  were derived from a com-

bination of all isotope or isotone data, respectively. For 

this purpose the data are plotted in one of the two forms, 

 

 
 

 

12

12

( ) : , exp{ } exp{ }

( ) : , exp{ } exp{ }

 

 

      

      

S N R N Z Z C N

P Z R N Z N C Z
 (10) 

  

The approximate equalities in this equation refer to the 

expectation that such plots, S(N) or P(Z), would show 

systematic trends in the individual isoscaling parameters  

defined by the r.h.s. of Equ. 10 with mean values  ,  .   

As an example, individual values for  S N  defined 

on the l.h.s. of Equ. 10 are plotted in Fig. 8 vs. cluster 

neutron number N, for the same elements. Also shown in 

this figure is a semi-logarithmic fit line defining an aver-

age value of  0.23 0.02   for the set of individual 

isoscaling parameters  as defined in Equ. 10. This line 

appears to fit very well the individual values which show 

no systematic deviation from the fit. A similar procedure 

was applied to deduce a mean isoscaling parameter   

from fitting a logarithmic straight line to individual func-

tional values  P Z . This procedure produced a global 

isoscaling parameter of  0.12 0.01    . 

The magnitudes of the above mean (“global”) 

isoscaling parameters obtained from these fits are signifi-

cantly smaller, by factors of 3 to 4, than reported in other 

works [27-34]. The latter experiments have studied pro-

jectile fragmentation, albeit for projectiles heavier than 

calcium. Because of these observational discrepancies, 

care was taken in the present work to investigate the sen-

sitivity of the data analysis to the applied sorting criteria.  

Specifically, the sensitivity of the results was investigated 

for two important criteria, constraints imposed on the 

relative velocity vrel between the IMF cluster and projec-

tile remnant and on the accepted degree of alignment of 

the PLF* breakup axis within the reaction plane.  

The relative velocity vrel between the IMF cluster and 

projectile remnant is important in suppressing potential 

contamination of the data set by particles emitted from the 

target-like fragment. In the sensitivity test, the accepted 

range of velocities was changed from its normal range 

(1.0 ≤ vrel/vc ≤ 2.0), to include events with larger relative 

velocities, vrel/vc > 2.0. Here, vc is the reference velocity 

due to Coulomb repulsion of spherical fragments. It 

turned out that such a modification to the analysis had 

little effect on the results, the modified calculation yielded 

Figure 7: Isoscaling plot for Li, Be, B, C, and N 

clusters from breakup of PLFs from dissipative 
48

Ca+
124,112

Sn collisions at E/A=45 MeV.  

Figure 8: Global isoscaling function S(N) vs. neu-

tron number. The logarithmic straight line repre-

sents a best fit to individual data. 
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global isoscaling parameters well within the quoted un-

certainties for and  .  

Changes in the restrictions imposed on the out-of-

plane angular () orientation of the breakup axis accepted 

for analysis (cos(φ) ≤ 0.4) turned out to be similarly in-

consequential for the values deduced for the pair of global 

isoscaling parameters and  fitting the isotopic system-

atics very well. Again, the variations of these parameters 

obtained with a relaxed angular constraint are inside the 

quoted uncertainties. The global isoscaling parameters 

quoted above must therefore be considered robust results 

of the present experiments. The smaller isoscaling param-

eters deduced in the present experiments are therefore 

likely due to greater similarities in A/Z between the PLF* 

emitters, i.e., smaller values of the difference functions . 

A further, detailed interpretation of the observed iso-

topic regularities requires knowledge of the identities and 

physical properties of the PLF* nuclei producing the clus-

ter distributions discussed here, along with the effects of 

secondary decays of the primaries. Equations 6 and 7 dis-

play relations between isoscaling parameters, the A/Z ra-

tios of the cluster emitters and the symmetry energy, for a 

system at thermodynamic equilibrium characterized by a 

temperature T. Essentially, either isoscaling parameter is 

given by the difference in the ratios of the energies re-

quired to produce a cluster of given A/Z and the specific 

energy available per degree of freedom.  

Lacking detailed experimental knowledge of the 

emitter identities in the present 
48

Ca+
112,124

Sn reactions, a 

less direct strategy is adopted in this work by searching 

for an initial hypothetical picture that evolves plausibly 

into a final scenario which agrees well with the important 

experimental phenomena. Here, one searches for the dif-

ference 2 1  B B B in energy cost for a given cluster to 

be emitted from either PLF* in a binary split and the ef-

fective energy effT available for such emission process. 

Because of the similarity of the two systems and bom-

barding energies, the effective temperature can be as-

sumed to be similar for the corresponding PLF* cluster 

emitters, i.e., ,1 ,2 eff eff effT T T . Cluster energy spectra, 

which were also measured in the present experiments, 

suggest a range of 3 4 effMeV T MeV for possible val-

ues of the effective temperature.  

In the above picture, cluster yield ratios would be pa-

rameterized as  

 

   
 

48 124 48 112
21 , ,

2 1

( , )

( , ) ( , )
exp{ } exp{ }

  

 
 

N Z N Z

eff eff

R N Z Y Ca Sn Y Ca Sn

B N Z B N Z B

T T

(11) 

 

Here, the quantity ΔB represents the difference in binding 

energies of a given IMF cluster in the primary neutron 

rich and neutron poor PLF*, respectively. A search was 

made for the Z and A values of the two possible PLF* 

emitter nuclei, whose binding energy differences for 

break-up into different IMFs would follow the experi-

mental yield ratios R12(N,Z). It is obvious from Equ. 11 

that this type of analysis determines only ratios of 

 effB T consistent with the data such that more than one 

set of variables (Z1, Z2, A1, A2, Teff) can describe the two 

decaying projectile-like fragments PLF* and lead to simi-

lar isoscaling behavior. Additional information is re-

quired, based on other reaction characteristics, to con-

strain the potential continuum of possible solutions.  

An example of such an analysis is depicted in Fig. 9, 

where experimental yield ratios are plotted on a semi-

logarithmic scale vs. cluster binding energy differences 

B calculated for breakup of PLF* nuclei with 

=( )*
1 1 1PLF Z = 20, A = 49 and 2 2 2=( )*PLF Z = 18, A = 43 . 

The line drawn through the data in Fig. 9 corresponds to 

an effective temperature parameter of T =(2.6 ±0.3) MeV. 

A second representation of the data of similar quality can 

be obtained with Equ. 11, assuming PLF* breakup of 

=( )*
1 1 1PLF Z = 25, A = 48 and 2 2=( )*

2PLF Z = 26, A = 49 . 

In this case, the logarithmic straight line representing the 

experimental yield ratios corresponds to a high effective 

temperature parameter of T = (5.5±0.3) MeV. 

Of the two sets of fit results identifying possible 

candidates for primary projectile-like fragments undergo-

ing inelastic breakup following a dissipative reaction, the 

first represents the more likely scenario. Here the mean 

changes in atomic and mass numbers of the PLF* relative 

to the projectile are relatively small. Such behavior is 

consistent with the liquid-drop potential energy surfaces 

driving nucleon exchange in dissipative reactions. It is 

also consistent with the similar 
40,48

Ca+
112

Sn reactions 

measured at E/A=35 MeV [6]. In contrast, the second set 

of parameters corresponds to highly unlikely proton 

pickup by the projectile and very high temperatures which 

neither IMF nor heavier PLF* remnants could survive 

intact.  

In view of the stark discrepancy pointed out earlier 

between the experimental values for isoscaling parame-

ters derived in the present work and values reported in the 

literature, it is interesting to explore whether the present 

reaction is an exception also as far as the scaling of iso-

topic yields with ground state binding energies (cf. Fig. 9) 

is concerned. Therefore, a similar analysis was carried out 

Figure 9: Scaling of experimental cluster yield ratios 

for 
48

Ca + 
124,112

Sn reactions at E/A=45 MeV based 

on ground-sate binding energy differences (cf. Equ. 

11). 
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for the isoscaling data reported [32], for the decay of par-

tially reconstructed projectile-like fragments emitted in 

the pair of reactions 
86

Kr + 
64

Ni and 
78

Kr + 
58

Ni reactions 

at E/A=35 MeV.  

For the above reactions, isotopic distributions have 

been measured for a broad range of IMF clusters with 

atomic numbers Z = 3-17. For these data, isoscaling was 

not observed for the raw data but appeared for the recon-

structed PLF*. A search was conducted for a set of prima-

ry projectile-like fragments from these reactions, whose 

ground state binding energy patterns represent experi-

mental yield ratios in a functional form given by Equ. 

11and acceptable, plausible parameters for the effective 

temperature parameter Teff.  

In fact, that search was successful and has identified 

a set of PLF* candidates =( 4 8 )*
1 1 1PLF Z = 0, A = 9 and 

2 =( )*
2 2PLF Z = 39, A = 84  fitting the data with Equ. 11, 

using the corresponding ground-state binding energies. 

An effective temperature of T = (2.2±0.2) MeV was de-

rived from the fit, which is shown in Fig 10, together with 

the data from the present experiment. Obviously, this fig-

ure demonstrates a remarkable agreement of a large data 

set with the ground-state binding-energy systematics de-

fined by Equ. 11. In addition, the effective temperature 

parameter deduced for the Kr+Ni data is very similar to 

the results reported for the present Ca+Sn reactions, in 

spite of the different bombarding energies. This implies 

that these very different experiments produce isotopic 

yield of PLF clusters that fit universal systematics based 

on ground state Q values for cluster emission. 

 

 

V. CONCLUSIONS 

 

In summary, experimental data are presented for a 

dynamical breakup process of a fairly light projectile (Ca) 

following a dissipative primary reaction. Memory con-

tained in a strongly aligned breakup axis suggests proxim-

ity interactions with the target nucleus during the breakup 

process. Calculations with several reaction models did not 

succeed in reproducing experimental observations. Ad hoc 

phase space models of breakup proposed in the literature 

are employed to provide an approximate framework for 

an interpretation of the breakup data. 

In the experiments, the breakup of the projectile-like 

fragment (PLF*) is seen to produce intermediate-mass 

clusters and heavier remnants which exhibit isotopic regu-

larities known as isoscaling. The isoscaling parameters 

deduced from fits of isotopic cluster distributions are ro-

bust; their values do not show appreciable dependencies 

on variations in the analytical procedures. Although the 

deduced parameter sets are not unique, additional 

knowledge about the primary reaction is useful in con-

straining the associated ambiguity. 

New global systematics of isotopic cluster distribu-

tions was found to apply equally to several different reac-

tion pairs. The associated isoscaling appears to be gov-

erned by ground-state Q values based on the masses of 

nuclei at normal densities. It does not appear to give di-

rect and unambiguous access to the symmetry energy at 

subnormal matter densities. Better success to achieve this 

goal may require studies of simpler composite systems 

produced closer to equilibrium. 
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