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Abstract.  The pre-emission of halo neutron pairs from the fusion of 11Li with Si targets was recently 

investigated by the aid of a new array detector. The correlation function built from a sample of 204 true n-n 
coincidences, characterized by a large correlation strengh, points  out  to the predominant effect of final state n-n 
interaction. It follows that the very narrow neutron peak in the forward direction,  observed in the previous 
investigations  is  due to the pre-emission of neutron pairs strongly focused  by  the final state n-n interaction. 
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Introduction 
 

The study of the nuclei far from stabilit y became possible with radioactive beams . 
One of the most interesting features of the light very neutron rich nuclei is their large 
interaction radius ( /1/ Fig.1). Isao Tanihata /1/ explained this  extended spatial distribution of 
the neutrons and the corresponding narrow momentum distribution by an extremely small 
separation energy of the valence neutrons: 250 KeV separation energy of the two last neutrons 
in 11Li, 500 KeV separation energy of the last neutron in 11Be. 

The nucleon distribution of 11Li is shown in Fig.1 from /2/. The root-mean-square 
radius (Rrms ) of the core is 2.6 fm while Rrms of the valence neutrons is 4.8 fm which is 
comparable to that of a nucleus of around A §������7KH�GHQVLW\�GLVWULEXWLRQ�LV�FKDUDFWHUL]HG�
by a long tail but with low density. The main part of the density distribution of the valence 
neutron is below 1% of the central density /2/. So the term „neutron halo” , first time appeared 
in Europhys.Lett., 4(1987)409, given by P.G.Hansen and B.Jonson, seems to be appropriate 
for such a distribution. 

  
The study of the neutron halo in 11Li nucleus 

 
The experiment, proposed by M.Petrascu /3/, to investigate the neutron halo nucleus 

11Li, has as departure point the following hypothesis: due to the very large dimension of 11Li 
one may expect that in a fusion process on a light target, the valence neutrons will not be 
absorbed together with the 9Li core but will be emitted in the early stage of the reaction 
process. 

The first experiment has been undertaken in collaboration HH-IPNE – Romania and 
RIKEN – Japan in 1995 with an ionization chamber of the type „MUSIC” (built i n HH-IPNE) 
and a two wall neutron detector, each consisting of 15 plastic scintilators 2.0x0.06x0.06 m3, 
viewed by photomultipliers at both ends (built at RIKEN) /4/. The experimental investigations 
of neutron pre-emission in the fusion of 11Li halo nuclei with Si targets have shown that 
(40� 12)% of fusions are preceded by one or two halo neutron pre-emission. Also in the 
position spectrum of the neutrons it was observed a narrow forward peak, much narrower than 
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that expected from COSMA (Cluster Orbital Shell Model Approximation /5/). Within this 
narrow peak a large number of n-n coincidences were observed for 11Li. 

 Therefore it was decided a new experiment to study the pre-emission of correlated 
neutrons in the fusion of 11Li halo nuclei with Si targets. It was built by NIPNE-Bucharest and  
RIKEN, a new neutron array detector (Fig.1).  

 
Fig. 1 - The numbering scheme of the array detector 

 
 The numbering scheme of the array detector It consists of 81 detectors, made of 

4x4x12 cm3 BC-400 crystals, mounted on XP2972 phototubes. This detector placed in 
forward direction at 138 cm from the target, was used for the energy and position 
determination of the neutron originating from the target . The experimental arrangement is 
shown in Fig.2. 

 
Fig. 2 - The general set-up of the experiment /10/ 

 
The measurements were performed with 11Li and 9Li beams with energy centered at 

13AMeV. 
 

The study of n-n corre lation 
 
 The data from RIKEN were processed in Romania with FOXPRO to get input files for 
the program PRELNTA5.FOR. The output files from this program contain the following 
information: the event number, the detector number, neutron time of f light, velocity, energy, 
momentum and the pulse height. 
As examples of input and output files are: 
Input file: d10f.txt                                       
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#4,     3 
-30717  19218                                   the negative numbers allow to identify the ‘crate’  
-30715  13165                                   numbers of TDC and ADC 
-30713    25562                                  the positive numbers allow to identify the address of the  
#4,     6                                               TOF and ADC channels 
-26611    14342 
-26611     18791                                 
……………………. 
output file: d10f.out 
#4,    3              TOFch  nrdet  gch    t(ns)             v(cm/ns)    Ec(MeV)     p(MeV/c) 
-30717  19218    786      10     447  .2979E+02  .4633E+01  .1113E+02  .1467E+03 
-30715  13165     877     39     465  .3519E+02  .3922E+01  .7972E+01  .1238E+03 
-30713  25562     986     77     468  .4303E+02  .3207E+01  .5331E+01  .1009E+03 
    #4,    6   Amp.ch & nr.det   ( for the pulse hight) 
………………………………………………………………………… 
In the output file gch represents the calibration obtained with gamma rays in the same 
experiment. They are read from CALIBRN.TXT file. 
 In fig.3 is shown the energy spectrum obtained with SPECTRUM.FOR by reading the 
neutron energy from output files of PRELNTA5.FOR. The vertical li nes 2 and 3 mark the 
limits (lower and higher) of the 11Li beam energy per nucleon entering the 0.5 mm thick Si 
detector. The line 1 marks the lowest energy of the beam at the exit of the target. On the basis 
of the fig.3 the energy range of pre-emitted neutrons was selected between 8-15 MeV. In 
building the correlation function only this energy range was considered. 
 
 

 
Fig.3 - The energy spectrum of the single neutrons from detectors #1-#9 

 
Further the output files of PRELNTA5.FOR were processed in an event by event 

analysis with the aim to select the first order, the second order, the third order and the fourth 
order coincidences. For example, the first order coincidences are those between some detector 
and the closest detectors, the second order coincidences are those between some detector and 
the other detectors placed at one detector distance, and so on. 
 The criterion for selecting the true coincidences was that from /6/, i.e. a coincidence 
between two detectors is rejected whenever the condition 

E1 > Emin = (m / 2) (dmin�� ûW� 2 
is fulfill ed. E1 is the energy of the first neutron, Emin is minimum energy required by the 
neutron from the first detector to travel the minimum distance dmin to the second detector in 
the time interval ût. With dmin = 4.8 cm (the distance between the centers of the two neighbor 
detectors) 118 first order coincidences were selected from a total of 570. With dmin = 1.8 cm 
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have remained only 46. The program MENATE /7/ has shown that this criterion has rejected 
all the cross-talks (c-t) from the first order coincidences. Fig.4 shown the q-distribution (q= | 
p1 ± p2 | /2 ) for the first order coincidences before and after the c-t rejection. One can see that 
the rejection criterion affects the q-distribution especially at large q values. Using the 
rejection criterion we selected 46 first order, 71 second order, 46 third order and 41 fourth 
order coincidences. In all there are 204 coincidences. 
 

 
Fig. 4 - The distribution as a function of the relative momentum q, of the total number of f irst 
order coincidences, true + cross-talk (up triangles) and of the true coincidences (down 
triangles) with Ghetti-Colonna rejection criterion for two values of dmin. 

 
 The two-neutron correlation function is given by  C(q) = K Nc(q) / Nnc(q) in which 
Nc(q) represents the yield of coincidences events and Nnc(q) ± the yield of uncorrelated events 
/8/. The normalization constant K is obtained from the condition that C(q) = 1 at large relative 
momentum. 
 To get the denominator we used so called “single neutrons productsº techni que /6a/. 
The denominator was generated by calculating all combinations (i, j) with i=1,2*nev-1 and 
j=i+1,2*nev from the matrix (2*nev, 2*nev) of single neutron samples (nev is the number of 
the single neutron products). Fig. 5a shown the q-distribution so obtained for the center zone 
of the array detector. The large fluctuations one can see in this distribution points out to the 
fact that the single neutron products technique may not completely succeed in de-correlating 
these events. Then with the same programs (COMB.FOR with subroutine PROCOS.FOR) 
were used neutrons from the outer array zone (Fig.6). Fig. 5b shown the q-distribution, this 
time without fluctuations. Fig.5c shown the q-distribution for 9Li to confirm that fig. 5b is a q-
distribution for uncorrelated neutrons. 
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Fig. 5 - The q-distributions for the denominator of the correlation function C(q). 

 
54 78    
55 77 53 63 29 
56 76 52 64 30 
57 75 51 65 31 
58 74 50 66 32 
59 73 81 67 33 
60 72 80 68 34 
61 71 79 69 35 
62 70    

 
Fig. 6 - The new arrangement of the detectors #29 - #35, #50 - #81 

 to get the q - distribution from fig. 5b 
 
 Fig.7 presents the correlation function for all 204 real coincidences. The first 4 points 
represent the correlation function for the first order coincidences. The much lower values of 
the points #2-#4 are due to c-t rejection (see also fig.4). The point #1, not affected by c-t, 
suggests a correlation strength near 11. The rest of the points correspond to coincidences of 
the second to fourth orders. The a and b curves were calculated according to eqs. (7) and (24) 
from /9/ with f0 = 17 fm, d0 = 2.7 fm and r0 values equal respectively to 3 fm and to 4.5 fm. 
The drms separation of the two neutrons in the moment of pre-emission is given by ¥��U 0.  It 
follows that curve a points out to a separation drms  ~7.5 fm and curve b to a separation drms  ~ 
11 fm. 
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Fig. 7 - The correlation function C(q). The curves a and b are calculated with the formula 

from /9/ for the 2 values of r0. 
 

 There are 3 effects important for small angle nucleon-nucleon correlations/6b/: the 
short range attractive nuclear interaction, which creates a positive correlation, the large range 
Coulomb interaction and the Pauli exclusion principle for identical particles with the opposite 
effect. The final state interaction signature of the correlation function appears at very small 
values of q, particularly for nn interactions. High q values are important for the normalization 
of the measured correlation function and large solid angle for obtaining good statistics. One 
can see that in our q-distribution there are values at q as small as 2.5 MeV/c 
 The passing from a spatial distribution of the pre-emission neutrons which would fill a 
solid angle of  ~ 150 msrad /5/ to a spatial distribution of these neutrons which fill a solid 
angle of ~ 9 msrad is interpretated as an evidence of  the final state n-n pure nuclear 
interaction. So the nuclear interaction of the two neutrons plays the role of a convergent lens. 
 For a good statistics it could be useful to have a detector target of diamond; in this 
case the screening of the nuclear surface of the target can fall by a factor 2 /10/. 
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