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Abstract 

The goal of the present report is to attempt to clarify the nuclear reaction mechanism leading to 

the production of fragments at zero degree with neutron number larger than that in the 
48

Ca 

projectile, at about 60 MeV per nucleon.  Production cross-section of the extremely neutron 

rich Si and P isotopes were measured. Concerning the nuclear reaction mechanism, 

leading to the production of these isotopes, one should probably refer to a particular type of 

transfer mechanism, which results in low excitation energy for the fragments, rather than to the 

"genuine" fragmentation mechanism. An upper limit of about 0.05 pb was estimated for the 

production cross section for the 
47

P isotope for which no count was observed.  

 

 

 

 

 

 

 



The experimental determination of the neutron drip line is a milestone on the road 

for the understanding of the nuclear structure. One of the most efficient ways to produce 

rare isotopes is projectile fragmentation [1-7]. This reaction mechanism has been 

effectively used for exploring the neutron-rich drip line using zero-degree fragment 

separators at: GANIL (France), RIKEN (Japan), NSCL/MSU (USA), GSI (Germany) etc. 

At relativistic energies, “pure” projectile fragmentation is generally considered as 

taking place via a two-step (fast and slow) process [8]. In the first stage, highly excited 

pre-fragments are formed from projectile or target nuclei. Their de-excitation involving 

particles evaporation produces the final observed residues. Due to the short interaction 

time, there is no full equilibration in N/Z. As a result, fragments have a memory effect of 

the interacting nuclei in the incoming channel. To produce the most neutron-rich 

fragments (specially with Z < 20), one of the best choices of the projectile is 
48

Ca beam. 

When using a 
48

Ca beam, a striking feature is that the neutron numbers of some of 

the produced isotopes is larger than the projectile neutron number (N=28). For This 

phenomenon was first observed at the projectile energy E ~ 55 MeV/nucleon [2]. Indeed, 

plenty of new nuclei with neutron numbers larger than the projectile neutron number was 

observed. Among them were: 
49-51

Ar, 
46-49

Cl and 
45-47

S.  Fragments production with 

neutron numbers larger than that in the projectile was also mentioned by the discovery of 

42,
 
43

Al [7] and 
43,44

Si [9] “in a net of neutron pick-up process”. 

At present, the neutron-pickup reactions from the target may be the best way of to 

produce isotopes with high neutron excess, even through the projectile energy is fairly 

high (60 100 MeV/nucleon).  

The renewed interest in transfer reactions is mainly due to an opportunity to 

populate nuclei moderately rich in neutrons (see Refs. [10-11] and references therein) by 

multinucleon transfer channels. Neutron transfer channels that could lead to the 

production of fragments with N larger than Nproj of the projectile had been observed also 

in the deep-inelastic collisions which were studied a few decades ago at low projectile 

energy E~10 20 MeV/nucleon [12]. From a reaction mechanism point of view, it is 

interesting to note the presence at intermediate energies of yet relatively strong reaction 

channels with pickup of a few neutrons and simultaneous stripping of protons. These 

transfer reactions could provide an alternate way to fragmentation towards reaching the 

neutron drip-line for light-medium weight nuclei.  

In the higher beam energy (E/A>20 MeV/nucleon) domain, the multinucleon 

transfer reactions have been still used for producing exotic nuclei since many years. In 

these binary reactions that take place in a rather narrow range of impact parameters, the 



excitation energies of the products are smaller than those in the fragmentation reactions. 

The production cross sections of neutron-rich isotopes of Mg-Ti from the reactions of  

48
Ca (64 MeV/nucleon, 140 MeV/nucleon) + 

181
Ta [13] and 

48
Ca (142 MeV/nucleon) + 

nat
W [9] were analyzed in the framework of the transfer reaction mechanism. The good 

agreement of the calculations with the available experimental data allowed them to 

conclude about the validity of the theoretical description of multinucleon transfer 

mechanism as an almost peripheral collision at intermediate energies. On the other hand, 

the persistence of this reaction mechanism (diffusive nucleon transfer) at the very high 

excitation energies that come into play at bombarding energies of E ~ 100 MeV/nucleon 

is surprising. In these collisions, a short-living dinuclear system (DNS) is probably 

formed in which the diffusion of nucleons occurs. The primary neutron-rich nuclei 

formed should be as cold as possibly, otherwise they will decay into secondary nuclei 

with smaller excess of neutrons because of preferred de-excitation by neutrons emission. 

This implies a weak radial damping which further restricts the range of impact 

parameters contributing to such a process. 

For very heavy interacting systems, but at lower projectile energy, a comparison 

[14] of experimental heavy residue cross sections from the reactions 
86

Kr+ 
64

Ni, 
112,124

Sn 

at 25 MeV/nucleon energy with the modified model of deep-inelastic transfer [15] was 

carried out. As a result, the peripheral nucleus-nucleus collisions could be well described 

theoretically using the model of deep-inelastic transfer in combination with a 

deexcitation model. 

Therefore, it is interesting to examine more closely the dependence of the neutron 

pick-up process on the projectile energy, implying higher excitation. 

 The present report is an experimental attempt to clarify the nuclear reaction 

mechanism leading to production of fragments with a neutron number larger than that in 

the projectile at energies around 60 MeV/nucleon.  

 

 

EXPERIMENTAL METHOD 

The experiment was carried out at GANIL (Caen, France) using the LISE 

spectrometer. A 
48

Ca beam was used with an average intensity of about 200 pnA and 

with energy of 60 MeV/nucleon. We used a Ta (215 m) target and a Be (216 m) 

wedge. The experiment benefited from the upgrade of the LISE spectrometer to the LISE 

2000 [5] level. The upgrade includes an increase in the maximum magnetic rigidity to 4.3 

Tm, an increase by a factor of 2.5 in the angular acceptance and a new line with 



improved optics. As a consequence, a total increase of a factor 10 in the production rate 

of the drip-line nuclei has been achieved with respect to the use of the standard LISE 

spectrometer. The reaction fragments were collected and analyzed by the LISE 2000 

spectrometer operated in an achromatic mode and at the maximum values of momentum 

acceptance (5%) and solid angle (2.5 msr). To reduce the overall counting rate due to 

light nuclei, a beryllium wedge was placed at the momentum dispersive focal plane. 

In addition to the standard identification method of the fragments via time-of-

flight (ToF), energy loss ( E) and total kinetic energy (TKE), a multiwire proportional 

detector (CAVIAR) was placed in the dispersive plane of the LISE 2000 spectrometer 

[5]. This detector allowed the measurement of the magnetic rigidity of each fragment via 

its position in the focal plane, improving the mass-to-charge resolution (A/Q). The 

sensitive area of this detector was 10 cm × 5 cm covering the full momentum acceptance 

of the spectrometer. The cathode wires were individually read out. A spatial resolution of 

0.5 mm was achieved with a counting rate of 10
4
 particles per second. The typical 

efficiency of this particle detector was about 90%. 

 The mass-to-charge ratio (A/Q) was obtained with an accuracy of 1 %. The 

selected fragments were implanted in a telescope consisting of seven silicon detectors for 

their identification. In the data analysis, the fully stripped fragments were selected by 

putting gates on the total kinetic energy measured with the silicon telescope.  

 

 

RESULTS and DISCUSSION 

a) Fragments with Nf < Nprojectile 

In a first step, we checked the detection system and measured the efficiency by 

detecting fragments located near the valley of stability, i.e. with fragment neutron 

number, Nf, smaller than 28. The magnetic rigidity setting for the spectrometer was 2.581 

and 2.499 Tm for the analyzing section B 1 and compensating section B 2 of the LISE 

2000, respectively. 

In Fig. 1, the total production cross sections for the observed fragments from the 

reaction 
48

Ca (60 MeV/nucleon) on tantalum are shown as a function of mass number 

(Na Cl). For comparison, the cross sections obtained with a 
48

Ca beam at 140 

MeV/nucleon [13] are shown as open symbols. For each product, the value of 

transmission (deduced with LISE++ [16]) was accounted for.  

Apart from some discrepancies and a slight systematic effect (probably due to a 

transmission correction), the trend in Fig. 1 shows a rather good agreement between our 



data (solid symbols) and data from Ref. [13] obtained in the reaction 
48

Ca (140 

MeV/nucleon) +Ta (open symbols). Our study indicates that the production cross 

sections are practically independent of the projectile energy in the region of energies 

60 140 MeV/nucleon. 

 

b) Fragments with Nf  > Nprojectile 

To detect nuclei with Nf  > 28  , one should tune the LISE-2000 spectrometer to 

the higher B  values (2.86/2.76 Tm), than for the previous region of nuclei with Nf  < 

Nprojectile .  

For this setting, Fig. 2 shows the production cross sections versus mass number 

for the neutron-rich Si and P isotopes, produced in the reaction 
48

Ca(60 MeV/nucleon) on 

tantalum. Data obtained in the present experiment are shown by solid symbols. For 

comparison, data obtained in Refs. [9,13] in the reaction 
48

Ca (140 MeV/nucleon) + Ta 

are shown by open symbols. This figure shows the good agreement between the data 

obtained in the present experiment and earlier data obtained for Si isotopes and 
43

P 

[9, 13]. The two different B - settings of the fragment separator in the present 

experiment allowed us to observe both 
40, 41

Si isotopes. This overlap helped us to control 

both the production rates and transmission. 

Calculations for the production cross section of 
45

P
 
and

 47
P isotopes done in the 

frame of transfer reaction mechanism [17] are shown as open diamond symbols. They 

slightly overestimate the experimental data of 
47

P.  It seems that the 
47

P is less bound than 

predicted. Note that the masses of the very neutron-rich nuclei in this region of mass 

have not been measured. The theoretical model reproduces the experimental data.  The 

discrepancies between calculations and data may be attributed to the lack of precise 

measurements of the masses of these isotopes which are an important ingredient in the 

calculations.   

Using the main setting to detect the neutron-rich P isotopes, we optimized the B 1 

keeping B 2 constant. An additional transmission control was performed by detecting 

43, 44
Si isotopes. While the B -distribution for 

44
Si isotope is expected to be very similar 

to the B -distribution of 
47

P, finally, we observed 4 events of 
44

Si but no 
47

P events. This 

sets an upper limit of about 0.05 pb for the production cross section of this nuclide 
47

P.  

To control the production rate, the horizontal position distributions of the isotopes 

transmitted to the intermediate plane were measured with the CAVIAR detector and an 

example is given in Fig. 3. The curves in this figure show the positions of the centroids of 



various isotope distributions estimated by using the LISE code [16] in which the velocity 

ratio was set to 0.995 (see below). We found that the experimentally measured centroids 

for the 
45,46

P isotopes were at the center of the position-sensitive detector, in agreement 

with the calculations. This consistency assured that the tuning of the LISE-2000 

spectrometer was optimal for the neutron-rich Si-P isotopes. 

Special attention was paid to the correct B -value calculation according to the 

production mechanism. We chose the ratio of the fragment and projectile velocities vf /vp 

= 0.995 according to Ref. [16]. We also varied the B -setting, corresponding to a 

velocity ratio up to a value of 0.93. Only the setting with vf /vp = 0.995 allowed us to 

observe very neutron- rich phosphorus isotopes with a neutron number higher than that in 

the projectile in a reasonable measurement time. This indicates that there is no significant 

velocity damping as would have been expected in the case of deep-inelastic collisions. In 

Ref. [17], the lack of velocity damping is justified by the special matching conditions 

imposed on angular momentum, as implied in the fragmentation mechanism.  

The fragment velocity is one of the experimental observables sensitive to the 

dynamics of the nuclear collision. It allows one to disentangle (to a certain degree) the 

fast and slow reaction dynamics. Fig. 4 shows the deviation from the projectile velocity 

(vf /vp−1) in percent versus fragment neutron number Nf  for some fragments produced in 

the reaction of 
48

Ca (140 MeV/nucleon) projectile on a Ta target (data were taken from 

Ref. [13]). Two different trends are observed: though the velocity ratio decreases on both 

sides of N = 28, the slope is less steep on the left (Nf  <  28) side while at the right side, 

after a sudden drop, the velocity damping seems to stabilize at a smaller value. Ar and K 

isotopes were not available in the present experiment, while Si and P isotopes with 

neutron number larger than 28 were not measured in Ref. [13], but they were observed in 

our experiment. Due to low production cross sections, it is very difficult to measure the 

momentum distribution for these nuclei. Therefore we tried to extract the centroids of the 

momentum distributions for 
45, 46

P isotopes from Fig.3.  The extracted values of the 

velocity ratio for these isotopes together with data from Ref. [13] (where the full 

momentum distributions were measured) are shown in Fig.4. Our values are based on the 

experimental distributions given in Fig. 3, where the horizontal positions at the 

intermediate focal plane are given for P isotopes.  Even if these histograms are just a part 

of the momentum distribution (Fig.3), they still preserve some information about the 

velocity distribution, especially on the position of the maximum. 

Looking at both sets of data (present data and Ref.[13], which   complete each 

other) resembled in Fig.4, we may observe some systematic trends concerning the 



production of isotopes with Nf > Nproj
 
in the overall region from Si to Ar. This trend is 

different from the observed one for N < Nproj production mechanism (abrasion products).
 

Velocities of the fragment with Nf  > 28 are,  as seen in Fig. 4, very close to projectile 

velocity and so are the velocities for which Si and P isotopes were observed in the 

present experiment, as already mentioned. These facts are, giving a hint of a fast process. 

In this case the neutron exchange must take place in a very short time.  

Moreover, in Ref. [9], it was pointed out that the sequential evaporation of light 

particles from sufficiently excited nuclei follows a general pattern that leads to a 

somewhat uniform distribution of final products. The prompt light-particle evaporation 

leads to the cooling of the very excited, extremely neutron-rich pre-fragments. According 

to Ref. [18], neutrons will be emitted preferentially from excited nuclei until the point at 

which the ratio of the widths for statistical emission of neutrons to charged particles 

becomes small. In this case, the extremely neutron-rich fragments are produced in the 

first steps of the interaction, and they will lose the neutron excess after the neutron 

emission. 

Similar conclusions about the pre-fragments de-excitation by particles 

evaporation is arrived in previous study of the influence of the neutron excess of the 

projectile on producing neutron-rich isotopes [19]. The comparison between 
58

Ni and 

68
Ni projectile fragmentation in Ref [19] leads to the following two observations: i) the 

peak positions of the isotopes distributions shift to more neutron-rich isotopes with 

increasing neutron richness of the projectile, and ii) this shift is not proportional to the 

neutron-excess differences of the projectiles. The relatively small shift in the peak 

position of the isotope distributions can be understood as the result of the process in 

which neutron-rich pre-fragments created in the fragmentation process decay through 

neutron emission towards the valley of stability. 

For the present experiment one may conclude that the observed events of 
43,44

Si 

and 
44-46

P isotopes more likely correspond to a first phase of a fragmentation-type 

mechanism leading to cold fragments and a small velocity damping, rather than to a 

deep-inelastic collision leading to the transfer of a few neutrons and a sizable velocity 

damping. 

Another remarkable fact is that the production cross sections of 
43-44

Si isotopes at 

a projectile energy of 60 MeV/nucleon, is similar to those obtained at higher beam 

energy (140 MeV/nucleon) [9]. This is an additional evidence that  of a reaction 

mechanism of isotopes production in which the energy dependence is rather weak, while 

the deep-inelastic mechanism is known to have strong energy dependence with a 



maximum cross section at rather low energies close to the Coulomb barrier. The 

definition and transition between these two mechanisms should be rather smooth and 

strongly depends on the bombarding energies, impact parameters etc. The weak 

dependence of fragment velocity with incident energy suggests that the reactions proceed 

via a transfer mechanism as described in ref [17] which results in low excitation energy 

for the fragments. The transfer mechanism model also predicts weak energy dependence 

with In Ref. [17], the authors demonstrate that the proposed transfer mechanism does not 

imply large velocity changes. Moreover, their model predicts a weak dependence on 

incident energy. Then, one should probably refer to the mechanism responsible for 

production of neutron-rich fragments with neutron number N > Nproj as a „transfer 

mechanism‟, which results in low excitation energy for the fragments, rather than refer to 

it as mechanism of genuine fragmentation. Another interesting aspect of the nucleon 

transfer was revealed in Ref. [11], where the particle transfer was considered as a source 

for dissipation of the energy. 

Obviously further studies are needed concerning the possibility to exploit 

peripheral nucleus-nucleus collision in the Fermi-energy domain for producing neutron-

rich isotopes. As pointed out in Ref. [14] a process with a short timescale, such as the 

very peripheral collisions could be sensitive to the details of neutron and proton density 

profiles of the interacting nuclei.  As a consequence, an enhanced flow of neutrons from 

target to the projectile may occur [14], and the gradient of this flow may be revealed with 

respect to the flow towards isospin equilibration. 

Finally, to stress a complexity of the interaction mechanism, one may quote a 

recent work [20] performed at an energy of 1 GeV/nucleon, where the production of 

isotopes via charge-pickup channel was observed.   

 

 

CONCLUSION 

An experimental study of the production cross sections of the nuclei with neutron 

number N > Nproj was performed at GANIL in the reaction 
48

Ca (60 MeV/nucleon) + Ta. 

Comparing the present experimental data at the projectile energy at 60 MeV/nucleon with 

the data at 140 MeV/nucleon, one may conclude that a weak energy dependence of the 

cross section for fragmentation is observed in this energy domain.  

A transfer-type mechanism leading to the formation of cold fragments (in the 

sense of excitation energies comparable or lower than the neutron separation energy) 



seems to be able to explain the production of fragments with a neutron number larger 

than that of the projectile at energies above 50 MeV/nucleon.  
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Fig. 1 The production cross sections for fragments near the valley of stability, produced in the reaction 
48

Ca (60 MeV/nucleon) on a tantalum target are shown as a function of mass number. Data obtained in the 

present experiment are shown by solid symbols. For comparison, data obtained in Ref. [13] in the reaction 
48

Ca(140 MeV/nucleon) +Ta are shown by open symbols. The lines through the points are for guiding the 

eyes. 
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Fig. 2 The production cross sections for the neutron-rich Si and P isotopes, produced in the reaction 
48

Ca 

(60 MeV/nucleon) + Ta are shown as a function of mass number. Data obtained in the present experiment 

are shown by solid symbols. For comparison, data obtained in Refs. [9, 13] in the reaction 
48

Ca (140 

MeV/nucleon) +Ta are shown as open triangle and stars. Results of calculations for the 
45-47

P isotopes 



obtained using the transfer nuclear reaction mechanism [17] are shown by open symbols (open squares  

for Si and open circles ( ) for P isotopes).  The lines through the experimental points are guiding by eye. 
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Fig. 3 Experimental distributions of the horizontal positions at the intermediate focal plane of the LISE-

2000 spectrometer. The position distribution of P isotopes (solid histogram) was also in agreement with the 

calculations (solid lines). 
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Fig. 4 Deviation from the projectile velocity (vf /v0−1) in percent versus fragment neutron number Nf  for some 

fragments in the reaction with 
48

Ca (140 MeV/nucleon) projectile on a Ta target. Data were taken from Ref. 

[13]. Data for 
44

Si and 
45,46

P isotopes are shown by solid diamond symbols and obtained based on the 

histograms given in the Fig.3.  

 

 

 


