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Abstract 

The mean N-over-Z (<N>/Z) ratio of heavy fragmentation residues produced in relativistic heavy-
ion collisions is investigated. The result gives indications for a break-up stage also in the reactions 
in which heavy fragments are formed. Data are analysed to extract the excitation energy at the 
beginning of the evaporation stage of the reaction and to deduce the freeze-out temperature of the 
break-up process. The temperature determined with this approach is consistent with the value found 
in the production of intermediate-mass fragments. 

 

1  INTRODUCTION 
The process of the break-up of the nuclear 

system into many intermediate-mass fragments 
is widely investigated as a possible 
manifestation of the liquid-gas phase transition 
in the nuclear matter. Several methods to 
determine the temperature at the freeze-out after 
the break-up stage have been developed, namely 
the isotopic thermometer, the excited-states 
method or the slope of the kinetic energy 
spectra [1,2,3]. These methods indicate that the 
freeze-out temperature of the break-up process 
is close to 5 MeV if the mass of the source is 
larger than approx. 140 [4]. Due to the limited 
mass resolution of many large-acceptance 
experimental devices and the stronger influence 
of the evaporation process for heavier 
fragments, information obtained from these 
methods relies on the investigation of light 
fragments with approx. A < 20. In this work the 
possibility to extend the temperature 
investigation towards higher masses is 
addressed. 

2  EXPERIMENTAL APPROACH 
To extend the mass identification up to the 

mass of the projectile, the high-resolution 
magnetic spectrometer, the FRagment Separator 

(FRS) at GSI, Darmstadt, was used. The FRS 
utilizes the inverse kinematics, where the 
projectile-like fragments escaping from the 
target are detected in flight. From the TOF 
measurement together with the precise Bρ 
(magnetic rigidity) determination it is possible 
to deduce the A/Z ratio of every detected 
fragment according to the following equation:   

 

             
A
Z = 

e
u
Bρ
vγ   , where  v = 

s
TOF   (1) 

 
Here e is the electron charge magnitude, u the 

atomic mass unit and s corresponds to the flight 
path of the fragment. Knowing the charge of the 
fragment from the energy-loss measurements in 
the ionisation chamber, the mass identification 
is achieved with a resolution of A/∆A ≈ 400, and 
the isotopic distribution for every element may 
be constructed. 

Significant improvement in the mass 
resolution is achieved at the expense of limited 
momentum and angular acceptance of this 
device, which corresponds to 3% and 15 mrad, 
respectively. Therefore several settings of the 
magnetic fields must be measured in order to 
cover fragments with different N/Z.  

The angular acceptance of the FRS is adapted 
to the emittance of heavy fragmentation 
residues, but it does not cover very light 



 

  

fragments fully. The angular acceptance may be 
estimated to range from 100% for A=175 over 
more than 90% for A=75 to about 20% for 
A=18. The limited momentum acceptance is 
less crucial since the momentum distribution of 
every fragment is fully measured by 
superposing the results obtained in 
measurements with different settings of the 
magnetic fields. 

Due to the limited momentum acceptance in a 
given setting it is however not possible to obtain 
a complete kinematical information of the 
reaction. Nevertheless, with the use of the 
results obtained with full acceptance 
spectrometers such as ALADIN (fragmentation 
of 238U [5]) it may be deduced that the final 
fragments detected by FRS with charge above 
Z~25 are most likely the largest fragments 
emerging from a given reaction. That means 
that with this approach rather peripheral 
reactions leaving essentially one large fragment 
are explored. Further details on the experimental 
technique may be found in [6]. 

3  MEAN N-OVER-Z OF THE 
FRAGMENTATION RESIDUES 

From the measured isotopic distributions it is 
possible to deduce the <N>/Z for every element. 
Fig. 1 shows an overview of the <N>/Z values 
obtained for different projectile-target systems, 
measured at the FRS. Fission events are always 
excluded. Data are compared with the EPAX [7] 
prediction of <N>/Z for the system 208Pb+Ti. 

Fig. 1: <N>/Z measured in the different projectile-target 
systems; the full line shows the stability line, the dashed 
line shows the result of EPAX for 208Pb+Ti 
  

EPAX is a semi-empirical parameterisation of 
high-energy fragmentation cross sections. One 
of the main characteristics of this 
parameterisation is that the final isotopic 
distributions for mass losses larger than 15-20% 
of projectile mass are largely universal; e.g. 
independent on the projectile as well as the 
target nucleus. This is a consequence of the long 
statistical evaporation from the highly excited 
prefragments. In [8] it has been shown that 
during the evaporation process the final 
fragments are consecutively driven towards the 
equilibrium values of proton and neutron 
evaporation, the universal evaporation attractor 
line (EAL). This feature seems to be confirmed 
by a great variety of data. As an example of 
these data one system (56Fe) is presented in 
Fig.1.  

Fragments produced in fragmentation of more 
neutron-rich systems (208Pb and 238U) reveal a 
different behaviour. From a certain mass loss on 
they preserve a higher <N>/Z value then 
predicted by EPAX, and with decreasing charge 
the data differ from EPAX more strongly. This 
is indicated also in Fig.2, which shows the full 
isotopic distribution for Z=40 together with the 
EPAX prediction.  

Fig. 2: Measured cross sections of Zr isotopes produced 
by fragmentation in the reaction 238U + Pb at 1A GeV 
(data points) compared to the prediction of the EPAX 
code (dashed line). The error bars include systematic 
uncertainties. 

 
These results indicate that despite an 

increasing mass loss and thus increasing 
excitation energy acquired in the abrasion 
process the evaporation cascade for fragments 
with Z ≤ app.60 was too short to bring them on 



 

  

EPAX. To reach quite universal features 
predicted by EAPX the sequential character of 
an evaporation process is necessary. The fact 
that our data increasingly deviate from the 
predicted values indicates presence of a rapid 
process responsible for the excitation energy 
removal, which may be a break-up of the highly 
excited system. 

As already stated, the deviation from the 
EPAX prediction is observed only for very n-
rich projectiles. Less n-rich projectiles would 
produce less n-rich primary fragments and 
consequently their excitation energy, even after 
the break-up of the system, would still be 
sufficient to decrease their N/Z towards the 
EPAX values.  

With the number of systems shown in Fig.1 it 
is possible to investigate the influence of the 
projectile and target N/Z on the final residues. 
From fragments produced in the fragmentation 
of 208Pb and 238U projectiles it is evident that the 
target N/Z has no or little influence on the final 
<N>/Z values. This is well in agreement with 
the observation that there is no or very weak 
mixing between the target and projectile at 
relativistic energies [9]. Contrary to this the 
<N>/Z of the final fragments is ordered 
according to the N/Z of the projectile. This 
observation indicates that despite a strong 
influence of the evaporation process on the N/Z 
of the fragment, it does not remove fully the 
memory on the N/Z of the projectile nucleus.  

3.1  The isospin thermometer method 
Our data show that the final <N>/Z after the 

evaporation cascade still reveals important 
features of the reaction mechanism. Taking into 
account the observations presented in the 
previous section the evaporation process may be 
used as a ‘tool’ to trace back the freeze-out of 
the break-up stage.  

The isospin thermometer method, developed 
in [10], utilizes this idea in order to extract the 
freeze-out temperature. This method is based on 
a direct exploration of the change of the N/Z 
during the evaporation cascade in order to 
deduce the length of this process. Consequently 
the excitation energy at the beginning of this 
process may be restored. Since the excitation 

energy is related to temperature through the 
fragment mass, we can reconstruct the 
temperature of the fragment at the freeze-out of 
the break-up stage.  

Fig.3 illustrates this idea with a simple three 
stage model of abrasion, break-up and 
evaporation applied to the fragmentation of 
238U.  

Fig.3: Application of the simple three-stage model to 
deduce the freeze-out temperature  

 
In the abrasion stage, the projectile spectator 

acquires an excitation energy of 27 MeV per 
removed nucleon [11]. If this energy results in a 
temperature above the freeze-out temperature, it 
is assumed that the system undergoes a break-up 
process. Here, part of the excitation energy is 
removed through the loss of mass in form of 
nucleons or light clusters, which is not specified 
explicitly. The energy consumed to lose one 
mass unit varies from 8 MeV for an initial 
temperature of 5.5 MeV to 4 MeV for an initial 
temperature of 10 MeV. These values give the 
best agreement with the experimental data. The 
value of this energy reduction enters only into 
the absolute cross sections, not into the shape of 
the final isotopic distributions. The fragment 
formed in the break-up deexcites via standard 
evaporation [12], where neutrons, protons and 
alpha particles are emitted. If the temperature of 
the system after abrasion remains lower than the 
freeze-out temperature, the spectator is 
considered to be the only prefragment and the 
evaporation starts immediately.  

In the abrasion as well as in the break-up stage 
the N/Z ratio is assumed to be preserved on 
average, so the break-up products have the same 



 

  

N/Z as the projectile. The first assumption 
seems to be well justified, since the abrasion 
process directly probes the neutron and proton 
density distributions. More in question may be 
the second assumption. According to many 
theoretical investigations [13,14] it is expected 
that the effect of neutron distillation will reduce 
the N/Z of the heavy fragment in the break-up 
stage, since an enhancement of neutrons is 
expected in the gaseous phase. The quantitative 
effect of the neutron distillation on the N/Z of 
the heavy residues is not yet clear, but it is 
likely that the evaporation process will still 
provide the dominant influence on this quantity. 

Calculations with the three-stage model were 
performed for several different freeze-out 
temperatures (e.g. different lengths of the 
evaporation cascade), listed in Fig.3. The 
corresponding <N>/Z ratios obtained for the 
final fragments are displayed in the figure. The 
data are best reproduced for Tfreeze-out~5.5 MeV.  

4  DISCUSSION 
In previous experiments, it has been shown 

that the freeze-out temperature increases with 
decreasing mass of the source fragment. While 
for very low source masses the value of the 
freeze-out temperature changes rather steeply, 
for masses A>140 it remains virtually constant 
and close to the value of 6 MeV [4]. In the 
present analysis the residues from fragmentation 
of 238U were investigated. Since with the FRS 
we cover rather peripheral collisions, the mass 
of the prefragments formed in the abrasion of 
these projectiles remains well above A~170. 
The freeze-out temperature obtained from the 
present analysis is thus consistent with the value 
deduced from light and IMFs using traditional 
approaches.  

As shown in Fig.3. all the final fragments 
measured in the fragmentation of 238U may be 
reproduced with a single value of the freeze-out 
temperature. Since the experiment does not sort 
the observations according to impact parameter 
the measured fragments of a given size may 
emerge from different initial conditions and 
excitation energies. The observed universality 
of the freeze-out temperature with respect to 
fragment mass suggests that the excitation 

energies of the source clusters correspond to the 
plateau like region in the caloric curve obtained 
from ALADIN data [15].  

5  CONCLUSIONS 
Systematic investigations of nuclide 

distributions with high-resolution spectrometers 
contain valuable information on the behaviour 
of highly excited nuclear systems which can 
quantitatively be analysed with the isospin-
thermometer method. The essential idea of this 
method is based on the observation that the 
evaporation process may be used to trace back 
the freeze-out temperature of the break-up stage. 
It is a remarkable finding that heavy 
fragmentation residues reveal the same freeze-
out temperature as relatively light clusters. The 
method is foreseen to be further improved by 
considering additional features like isospin 
fractionation and the evaporation of complex 
fragments. 
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