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Investigation of neutron emission by n-n correlation function in fission
process using an array detector
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Abstract. An experimental set-up designed to investigate the origin of the promgi@tiaeutrons in fis-
sion processes by using an array neutron detector is modeled. Quarftitdsrest as the correlation function
strength in the momentum space within a model of independent one-padialtike sources, with a Gaussian
distribution for the neutron generation points are obtained in a preliminaggtigation. Two working hypothesis
are usedi) the scission neutrons are emitted from the neck between fragments,finahstage of the fission
process, and) the post-scission neutrons are emitted from the accelerated fissionefinégy For the scission
neutrons emitted from the neck, a n-n correlation strength significantlgridingn that obtained for neutrons
emitted from the fission fragments is obtained. The results indicate that isght® to discriminate scission
and post-scission neutrons within an time-of-flight experimental sebogisting from an array neutron detector
combined with a VME acquisition system, using (p,xnf) reactions on acttaigets at the Bucharest Tandem.

1 Introduction fission neutrons emission are the neutron multiplicity and
the neutron spectrum. These observables lead to a better
Investigation of prompt neutrons emission is a challeng- understanding of the nucleon-nuclei interaction meclmasis
ing issue pertaining to fundamental aspects of the nuclearand the fission process properties.
fission process. It is known that fission is accompanied by ~ Our purpose is to investigate the prompt fission neu-
prompt neutrons, but their origin is still uncertain. Mot 0 trons emission ir?33233238(p,xnf) reactions for energy
these neutrons, called post-scission neutrons, are emitte beamsE, of 6-16 MeV provided by the Bucharest Tan-
from the fully accelerated Fission Fragments (FF). Some dem accelerator. It is advantageous to work with proton
of them are emitted from the excited fissioning nucleus, beam because consistent information concerning the inves-
before fission occurs, called pre-scission neutrons orin th tigated reactions may be more easily obtained. An exper-
moment of rupture, called scission neutrons (10-15 %) [1]. imental set-up consisting on time of flight array neutron
The experimental results concerning the emission of scis-detector combined with a VME acquisition system will be
sion or pre-fission neutrons are rather contradictory due toused the first time for this purpose. This array neutron de-
some arbitrary assumptions made in various analyses. Retector consisting of 81 scintillator cells, initially bdiffor
cently, an approach dealing with fission induced by polar- neutron pairs pre-emitted from halo nuclei investigatjons
ized neutrons has been proposed to solve this situation [1has been adapted to work conditions of Bucharest Tandem.
2] exploiting the dependence between the neutron spatial
orientation and the FF flight direction. This approach is
extrgmely dificult mostly because of the reduced events 2 Method
statistics.

An alternative method could be the correlation analy- i ) . o
sis of the prompt neutrons in the fission process [3]. As it The correlation technique is based on the principle that the

is known the correlation function is very sensitive to the Wave function of the relative motion of identical particles
space-time dimension from which the neutrons are emit- 9m|tteql from a source of a_certaln space-tlmg configuration
ted. Until now the method of pair momentum correlations IS modified through the Final State Interaction (FSI) and
of identical particles has been successfully used by us inPY the symmetries of quantum statistics (QSS)[7]. Start-
the investigation of the neutron pair pre-emitted from BoeaniNd from 1954, when the stellar interferometry was dis-
halo nuclei [4-6]. This method allows to determine the covered through thefiect Hanbury-Brown-Twiss (HBT),
space-time characteristics of the particle pairs sourde an the method was adopted for interferometry in high energy
to distinguish between the post-scission and scission neuParticles physics. Later, the interferometry method was de
trons due to the strength of the n-n correlation function. Veloped in nuclear physics, focusing on particles pairs cor

Other important characteristics in the investigation ofppt ~ "€lations. Theoretical improvements in the analysis of the
correlation functions were realized by the Dubna group [8,

@ e-mail: companis@nipne.ro 9] and developed in [10, 11] by taking into account the FSI.
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m o @ ® for each light and heavy FF is also obtained by exploit-
o oo, Fission neck ing the most probable fragmentation method. The average
\ fo= 2 (m) prompt neutron multiplicity and the neutron spectrum of
the fission process are obtained in the frame of the Los

Alamos (LA) model [15,17,18].
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3.1 Estimation of the C;, strength for scission
prompt neutrons

aevie Using the analytical formula (24) of Ref. [10] for nonrel-

Fig. 1. Cqn(q) for prompt fission neutrons as a function of relative  ativistic neutrons, we calculate@n, (g, p). It is assumed
momentung(MeV/c). (a)Cn, for scission neutrons for flerent  that the scission neutrons are emitted from a neck formed
values offo. (b) Comparison betwee@,, for scission neutrons  petween the fragments, in the final state of the fission pro-
andC, for neutrons emitted from fully accelerated FF. cess [3]. In Fig. 1, the dependence®,(q, p) versus the
relative momenty of the neutron pairs is illustrated,; be-

ing the variance of the Gaussian distribution [10,11]. A
scattering length of the two neutrons in the singlet state
fo=17 fm and an fective rangaly,=2.7 fm are considered.
The distance between the 2 neutrons is given by the root
mean square radiugy = V3ro. We performed this calcu-
bation for differentry values ranging from (2-3) fm. These
values are justified by calculations of the tip distance be-
tween fragment at scission in the frame of a microscopic-
macroscopic model applied &@°Np, the Compound Nu-
cleus (CN) obtained from®®U(p,f). The tip distance be-
tween ;213% fission fragments at scission for the fissioning
— nucleus=**Np has been evaluated [19]. We started from a
correlated eventskm(d, p) = kNe(Q; p)/Nnc(d, p) where nuclear shape parametrization characterized by 5 degrees

?h e: rrggtlhz) dpf])a/é ggg np SE cc(:gls ;‘uﬁil) /uzs egsbyigtlt%n?n% o f freedom, one being related to the curvature of the neeking

gate the neutron pairs pre-emitted frafhi halo nuclei in C, and another one being the elongation given by the

using an array neutron detector [4,5]. Thereby, it was IOOS_dlstance between the centers of the fragments deridited

sible to distinguish between the neutron pairs pre—emittedTo obtain the scission configuration, the fission trajectory

from 1Li halo nuclei and the neutrons emitted from the " the five-dimensional configuration space is determined
fusion process. In this context, i@, theoretical value LY. Minimizing the action integral. Plots of the minimal de-
for the neutrons pairs pre-emitted frotfLi halo nuclei fqrmat|on energy surfacg as fUI’ICt‘IOI’] of th? nepkmg coor-
had the value 10, while the experimental one was 7-8. Thisdmatec and the elongatioR are displayed in Figs. 2 (a)

. o A
last value is fiected by residual correlations. For neutrons g?d ébg(.:)T:Se fL?\ScL:ilggéof Tr?ef:jsizlt(;rrllck:eagz\;vgeﬁl(t)rﬁt:?:eonr:ers
emitted in the fusion process this value reached 2 [6]. Mo- g

tivated by these results, we consider that the method of n-nOf the nascent fragmer!t_s. From the exit of the barru_ar, the
correlations is also adequate in the fission studies, in or_potentlal energy Is positive and the parent nuqlgus IS a_ble
der to separate the scission neutrons from the post-seissio to collapsgs Into two separated fragments. So, itis passibl

neutrons. As predicted by hydrodynamic models, the fis- to appreciate the tip distance between the two fragments

sion neck between FF in the final state configurations be_by_mal;mr? %ffergnce (tj)e:]weéa_n the _elong?t;?n In t?e exg
haves as a filament of neutron matter. A few number of point of the barrier and the dimensions of the two forme

prompt neutrons strongly correlated could be emitted in E?CIil(.a;-neistlopbgtlasrt/aendcteh;tb :ﬁénr?i ?oﬁ?ja\tl;/gr}:slfrgnfrg{ yl]g
the moment when the two FF are separated, while for post- 9- g

scission neutrons the n-n correlations are almost absent. Fhe maximum intensity forg=1.88 fm while forfo =2im
. : . . is 17.5. A significant dference between maximum value
The calculations realized in the present work take into

. 235238 . for n-n correlation function for prompt scission neutrons
e s nLbrgon &1 0 postfssion neurons s btaned. Thetence.
' . o . . can be exploited to separate the scission and post-scission
[15]. This fragmentation is obtained from the weighted neutrons
mass numbers using relation (2) of Ref. [13]. The most ’
probable charg&pn andZ,. for heavy and light fragments,
respectively, is considered by mean of the unchanged chargg- Cnn calculation for post-scission neutrons.
division distribution assumption given by formulas (4) and
(5) of Ref. [16]. In order to calculate the correlation func- The correlation functiofe,, for neutrons emitted from fully
tion for post-scission neutrons, the root mean squaresadiu accelerated FF where the the Fermi statistics contribution

In the following, the analytical approach [10,11] that de-
scribe the neutron narrow pair correlations at small rela-
tive momentag, within a model of single-particle point-

like sources, taking into account the Fermi statistics and
the s-wave strong final state interaction will be used. The

their distribution is considered Gaussian. The normalized
correlation function of two neutrons with momenta =

{E1, p1} and p; = {Ep, p2} is defined as the ratio of two
particle spectrum (the yield of coincidence events) to the
product of respective one-particle spectra (the yield of un
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Fig. 2. (a) Minimal values of the deformation energy in MeV as
function of the necking coordinat& and the elongatiomR for
238Np. (b) Contours of the deformation energy in step of 1 MeV.
The least action trajectory is superimposed. (c) Potential barrier.
Some shapes obtained during the fission process together with the
values of the elongatioR are inserted.
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is dominant, was determined using Egs. (17) and (25) of N
Ref. [10]. The root mean square radius was calculated for _ o 236239N(
each light and heavy FF taken into consideration. For the Fi9-4 The prompt neutron fission spectra&f2*2**Np isotopes
fissioning nucleug3®Np the ™ for light fragment (Zr- gtdlﬂ“erent proton incident energi&s, compared with the exper-
101) is 2.91 fm and'¥™ for heavy fragment (I-135) is 3.21 'mental data.

fm. The FF masses were chosen according to the most

probable fragmentation method using the experimental dat®.3 Average total neutron emission

[12—14]. The correlation strength for post-scission rangr

is < 2. In Fig. 1(b) the correlation streng@y, in the case  In this subsection the proton induced fission on the three
of neutron emission from the neck, at the scission point, uranium isotope$*3235238 js addressed. The prompt neu-
exceeds by far the value corresponding to post-scissiontron spectrum and the average prompt neutron multiplicity
evaporation neutrons. Due to thigfdrence irC,, the two are calculated at an incident proton energies ranging be-
mechanisms involved could be separated, scission neutronswveen 0.1-20 MeV, exploiting the LA model. Values of the
from the neck and post-scission neutrons emission frommodel parameters required for the calculation of the aver-
fully accelerated FF. We highlight that the n-n correlation age prompt neutron multiplicities and the fission neutron
function strength for neutron emitted from Borromean halo spectra are presented in Table I. The average energy re-
nuclei is around 10, while for neutrons resulting from the lease< E; > is determined by using the mass excess for
fission neck, in the final state of the fission process, thethe entire FF range. The values of the proton separation
correlation strength is around 20. This last value is sig- energyB, and also the average neutron separation energy
nificantly higher than that obtained in the case of neutron < S, > were calculated according to Ref. [21]. For the av-
emitted from fully accelerated FF which is around 2. This erage total kinetic energy we used formula (2) from Ref.
difference is mainly caused by the strong correlations that[22]. The average prompt gamma energ¥, > was de-
characterize the few scission neutrons. The correlation istermined semi-empirically a§, = 0.7 < S, > [23]. The
practically absent for the large number of post-fission evap energy dependent CN cross section for representative av-
oration netrons. Another argument in favor of the n-n cor- erage central light and heavy fragments corresponding to
relation function measurement is the following: the prompt each CN, was obtained using Becchetti-Greenless optical
neutrons emitted from the neck between the FF requirepotential [24]. Calculated average neutron multiplicites

a duration of emission of the order of #8 s, while the  function of the proton incident energy f6t*23623%Np are
emitted neutrons from the excited fission fragments requiredisplayed in Fig. 3 together with experimental data [12,
times of order 10*° s [20]. This time diference can be 23]. In Fig. 3, a good agreement between experimental
measured within th€,, method and causes modifications data for the p23°U reaction and our simulations is evi-

in the correlation intensity. Thus, the two processes can bedenced in the evaluated energy range. Similar behaviours
very well distinguished when they are unfolded as in the of the average multiplicity energy dependence are also ob-
case of halo nuclei. tained for p-2%8U. For the other analyzed reactions, the

Prompt fission neutron

T
E (MeV)

14001-p.3



EPJ Web of Conferences

Table 1. Average values of the parameters used for calculating the promptfissidron spectra and average prompt neutron multiplic-
ities for the reactions studied in the present work.

Fission Average Average By <E > <TKE> <S> <E,>
Reaction Light Fragment Heavy Fragment (MeV) (MeV) (MeV) (MeV)(MeV)
23Y(p,xnf)  °°Zr 139 4.25 201.51 174.31 6.21 4.34
B5%Y(p,xnf)  101zr 1351 4.83 200.61 173.82 6.41 4.48
28Y(p,xnf)  103zr 13) 5.28 197.18 173.11 4.97 3.48

experimental data are scarce or totally missing (like the  We are grateful to A. Pop, A. Tudora and A. Constan-

case of p233U), therefore it is not possible to appreciate tinescu for fruitful discussions. One of the authors (I.C.)

the agreement of the theoretical predictions. Some discrep would like to acknowledge the CNR*09 Organizing Com-

ancies can be caused by the choice of the most probablanittee for the grant obtained to attend the Conference. Work

fragmentation that leads to the average values of the pasupported by CNCSIS IDEI 535 Contract.

rameters of the model. In Fig. 4, the prompt neutron fis-

sion spectra of34236239\p isotopes at dierent incident
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