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I. Introduotion 

Studies of heavy-ion collisions at 10 MeV per nucleon which have 
b"l:n performed during the last years produced the relevant information 
On the interaction of heavy iona and the properties of a dinuc1ear sy~­

tam. A part of these data can be interpreted based on the s t at ist i­
on! model. For instanoe, from decSJ characteristjcs of the dinuc l ear 
system it follows that at least on the later stage of the reaction 
the 81stem i8 in thermal equilibrium. This oonolusion is oonfirmed 
by the phenomenological analysis of nuoleon emission spectra, low­
energy component of which is due to evaporation from a oompound nuc­
leus. Anotber part of the experimental data requires fOr t he inter­
pretation some new physical ideas. The deviations from the predicti­
ons of the statistical model are probably caused by the properties 
of the initial stage of the reaction. 

In /1/ we have developed the model describing the initial staee 
of heayy-ion collisions. Firstly, th i s model has been applied to 
describe the relative motion of oolliding nuclei, which 1s characteri­
sed by dissipation of a large part of t he initial kinetio energy. The 
model is based on the assumption that the two-body collisions between 
nuoleons can be neglected and the one-body oollisions of nucleus with 
t1me~ependent wall determine the dynamics of the oolU.sion. 

Pnrtiole-hole exoitntions generated at the fj~st stage of the react­
ion take away a relovant part of the initial kineti0 energy. Decay 
of ~arlicle-hole state9 during the reaotion into more oo~pllcated 
~onf1guratio~s with the larger density make the transition of the 
kinetlc energy Lo the energy of particle-hole exoitations irreversib­
l~. 

Among the particle-hole exoitations arising at the first stage 
of the reaotion there are oomponents with the partiole in oontinuum. 
Deoa,y of these exoltattons leads with enhanced probabHity to emis­
310n of a nucleon fron a nUCleus. Since the exoitation and dp.oay of 
these states oocur at the initial stage of the reaotion when the 
exoitation energy is not let distributed uniformly between all the 
degrees of freedom the em1tted nUcleons may be of a Tery large ener&1. 
As the momentum of relatiTe motion is not distributed uniformly 
betwee:1 all the nucleons of tha <1inuolear system as well, partioles 
ill be emitted rnainl:r in the forward direotion. 



A significant yi eld of nuo l eons at small angles wi th ener gies 
exceeding oonsiderably the pr edi ctions of the s t atisti oal mo del was 
observed experimentally in heav¥-ion colli s ions. The present pape? 1s 
aimed at stUdying this prooes s within the model suggested in r ef. 1/ • 

2.. The model Hamil toman 

From the miorosoopio point of Tisw the time-dependent mean field 
determines the dynamics of the oollision, sinoe the two-body oolli ­
SiODS are less important at velocities of relative motion smaller 
than the Permi velooity. 

The Hamil tonian desoribing t,e interaotion of two oolliding 
nuolei has been obtained in ref. 1/ and oontains the ooupling of 
relative and intrinsio motion: 
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The term H;",t in (1) is t he interaotion r esponsible for the t r an­
s1t i on of a part of nuoleons from bound states into a oontinuum in 
the course of partial overlapping of the densities of oolliding nuclei. 
In the coordinate representation 

H 1 =JdJ:c.. U (z ) Yr' (:c ) I 
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Her e ~ 1s the potential generated by the target-nucleus. The 
collective current /-wt£ ( X) has tile form 

/uu, (xj ~f(~)~(t), 

where -y./tj is the relative motion velocity, f{z:) =:?p (x) in the 
lab. syst em of ooor dinates, 90 i s t he mean density of t he dinuol ear 
system produced, 9pI 

is the fluotuating part of nuo1eon density in 
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inoident partiole. The single-partiole ourrent is def~d by 
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Here if~ is the single-particle wave function of a bound state in 
an inCident nucleus. 

~eoretical calculations of the nucleon yield inolude the calou­
lations of emission of statistical and preequllibrium Farticles at t he 
initial stage of the reaotion. 

~e emission of statistical nucleons is oalculated in the frame­
work of the standard oascade-evaporative model, whereas the emission 
of preequil ibrium partioles requires the wave funotion of the dinuc ­

/2/lear system at small interaction time • 
As we have already mentioned, our model is based on the one-~ar­

tiole mechanism of diSSipation of kinetic energy. A t1me-dependent 
mean field of eaoh nucleus exoited in the partner partiole-hole 
states inoluding those in the oontinuous speotrUM. Just the latter 
are important for nuoleon emission. 'l'hough, on the whole,d1st/~ion 
of the wave funotions of uol11d1ng nuola l may be rather large , 
the we1ght of each oonorete particle-hole component will be snall 
and they can be Qaloulated by perturbation theory. rn suo an appro­
x1mat i on the momentum distribution of nuoleons pro~e8 
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where Ej = Ej ... 1 m 77 1.. , the faotor e' A is related rtt.b a natural 
width of a level. 
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We have ohosen rather a simple torm of the w«ve funotions of the 
states in the oontinuous speotrUM-plane waves. 

As in ref. /1/ we assume that the radial parts of the 81ngle­
partiole wave funct1on8 in the surface ~egion are similar and oan be 
approx1mated by square root of density. To simplify oaloulat10ns we 
substitute in the integrand for densities product the expression: 

'I ' 

&(1') Po '!'/'lL IZ ) >A 1 (5)- p: 7~ ) - -;:- Yqf ju(Rc' erpf- r -i~li)/ .td.t 

where the S)qi J d and ~ values are detel'1llined by the requirement 
of the best approximation of the left-hand side of (5) . ~he parame­
ters d and ~'ff' are related nth the depth of interpeuetraUon 
of nuclei. The integral oould be oalculated exaotly; however, W6 

thought i t GO be useful by phys10al cons1derat1ons to simplify some­
what the problem for a better qualitative anal7sis. 

After simple transformations expression (4) take~ the following 
form: 
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Substituting (5) into (6) we find 
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In deriving (6) we used: 
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J. The yield of preequilibrium nucleons 

A nuoleon emitted from an incident particle with momentum p 
~ immediately appear outside the target-nuoleus or pass the 
path through the target-nuo1eus. 

Consequent l y, one should either neglect the absorption of a 
particle in the system or take it into aooount. 

'l 

l 
We solved this problem in a pure geometrical way considering a 

poss1ble position of an inoident partiole with respeot to a t~eet­
-nuoleus. A portion o~ partioles emitted f r om the projeotile and 
absorbed 1n the target 1~ determ~d by the impaot parameter, nuo­
lear radll Rr , Rp and the dimensions of the overlapp.1ng reglon of 
nuolei. The part of particles &bSOr~d in the nucleu8 depends on 
the mean free path at given energy / 

BEtsed on suoh a. oonsideration we have for the double differen­
tial orOBS section of preequ1libr1um nuoleons 
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where 6' is the angle of particle emission. Here the parameter5 of 
the single-part101e potential aTe taken frCllll ref.l4/; the decll.7 
width ot the particle-hole 7tat8s in the oont1nuum,fram the calcula­
tion, y the exoiton model '51; and the nuoleon mean free path, from 
ref. J • The main parameter of our mod"l 1s d.- def1n1ng the re­

gion of mutual oTerlapping of oolliding nuolei. Tb1s parameter 
charaoter1zes the slope of the spectrum of nonequ1libril~ nuoleons. 

4. The eVaporat1on cross section 

!l'o analyse exper1lJlental data one should caloulate the yield of 
evaporat7ve neutrons. Yor this purpose we have used the GROGIG 
program 6/ wlUch is a modUied vel'Sion of GR0G12 /7/. It includes 
the oompetition of the fiss10n ohannel with the ohanne1 of particle 
(n,ll ) Q.) and 6 -emission and the dependence of the value of tho 
fission barrier on momentum. A system formed ae a result of inte­
raotion of an inoident ion with e target-nuoleus has a large axoita­
tion energy and high angular momentum./Tberefore, the oontribution of 
the :Useion channel oan be very large 8/ oven for the nuolei whioh 
are no't fissionable in the ground state. 

e have investigated the dependenoo of the orose seotion of 
evaporated neutrons on the s t atistical model parameters. It was found 
that it is most sensitive to the value of t l!" .!I!he choice of f!.u 
depends on the experimental Talue ot the fusion oross seotion for the 
given reaotion. 

Theoretical caloulations of the neutron yield at small energies 
naturally prov:l.de values somewhat less than the exper1mental ones 
sinoe an additional neutron yield at these energies 1s related with 
their emission from fission fragments. 
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the opt ioal potent i al parameter s used for the caloulatlon of t he 
fUsion crOBB seotlon have been taken from r6£./9/ • ~e leVel-densi j1 
parameter s C1- and D have been chosen aocord:lng to BYstematios/10 • 
~e program used tor statistical caloulatlons provides the values of 
~ integrated over all angles. The transition to ~~SL prooeeds 

fol lowing ref. /11/ • 

5. Disc1'l.ssion 

Based on the results of the preoed1.ng seotions we ha:ve analysed 
the exper1lllental data /12/ on the neutron 7ield in the reaotions 
12C +181Ta, 1'1:: c 10~ MeV in the lab. slstem. The figure shows the re­
sults of oaloulations of the double differential cross section of 
lDclusive neutron emission. The dashed curve is the oaloulation by 
the oBsoade-8vaporative model; the continuous ourve is the total 
theoretioal cross seotion. The polDts and triangles are the relevant 
e~er1mental data. 

It is seen from the figure, that up to the neutron energy of 
10 MeV the experimental oroee eections are described within the oas­
oade-evaporative model . With inoreasing energy of an em1tted partiole 
the statistical meohan1sm oontribution to the oross seotion sharply 
decreases whereas the ;yield of nonequ1librlum particles inoreases. 

Q_<?_ mb/MeV'ster 
dEn 

12C • 181To _ n •. . 

10 2 

E12C ~ 105 MeV 

10 1 '" '" ."1\\:. 1______•00 
100 

\. 
~ \ 

\ \\ 	\ '\ \. A ~ 
10 1 

\ \ 80° ( ' 0,2 5) 
\"\ A

\ 
\ 

\ 

10 20 30 
El.ab MeV 

h 

the fast neut rons oomponent in t he oross section is defined by 
expressi on (7). It is obvious that the abs olute val ue of t he yield 
of preequilibr1um neutr ons depends on both the geometrio dimensions of 
colliding nucl ei and the dimensions of the reglon of mutual overlap­
p:lng of nuclear densities. ~e d defi nes also the energy dependenoe 
of the preequ:1librlum oomponent sinoe the effectlve temperature is 
represented by ~/.tl"ld.t,. The a.ngul.ar anisotropy of the cro ss section 
1s determined b7 the veloc1t7 of the relative nuolear moti on that 
changes at the in1t1.al stage of the reaction 'from l{= Ji~... to 
zero. In concrete oaloulations we have used the '\Ifalue ii=: i z.~ 

It is seen from the figure, that t h e experimental data on the 
yield and energy depeDdence of the cross seotion are reproduoed in 
the caloulations. 

Ths angular anisotropy observed exper1mental17 is described 
qualitatively in our caloulations. The f i gure exemplifies for two 
angles, for which the agreement of theoretical oalculation.s with ex­
perimental data is good. However, with inoreasing angle of emission 
the theoretioal values of the oross seotion decrease more sharply than 

exper1lllental data. In . analogous result has been obtained in ref. /lJ/ 
for the model with two souroes. 

It should be noted that we disoussed the ;yi eld of nonequil ibrium 
nucleons from an incident parti cl e; however, t he emis sion of high­
~erS1 neutrons is als o posslble from the target-nucleus. Therefore, 
inolusion of the se two sources of fast particl es may improve a 
quant i tat iva agreement. Rowever, the fact tha t our numerioal results 
are cl ose to experiment al data allows us to s t ate t hat the mechanism 

of the ;y1eld of nonequil1briUDI nuoleons suggested in this paper 
descr ibes one of the sources of emission of high-energy partioles. 

Analogo usly one can i nvest igate emission of protons in heaTT-ion 
r eact i ons. 
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MOAenbHoe onHcaHHe 3MHCCHH HeHTpoHoB 
B peaK~H$fX c T$fll(eJlbIMH HOHaMH 

J.i3Y'laeTC$f 3MHCCHH HeH'rpOHOB B peaKlI,H$fX C TH",enbIMH JWllaMH. 
IIpeAnolKeHa MOAenb onHCaHH$f BbUleTa 5bICTPbIX 4aCTHJ\ D H.1'laJ1bHOH 
cTaAHH peaKL\HH. DHa OCHOBaHa Ha npeAnOnOlKem1l-1 0 TOM, 'lTO BbJ­
neT 6blCTPbIX 4aCTHL\ B CYJI\eCTBeHliOl'j C1'eneHH CBJl33lJ c p.:1CnnAOM 
4ac TH"IlHO-AbIPO"llHbIX B036YJ!1,[\eHHH KApa . BbICOK0 3I1epl'<!TIl4CCKaH 
'1aCTb cneKTpa YAoBneTBOpHTeJIbHO onHCbIBaeTCft A<lltliOII MWl,t<n hIO . 
BblXOA HH3Ko3HepreTH'IeCKHX HeHTpOHOB paCC4H'I'bIS.1C!'I·CR 11 paMKax 
CTaTHCTH4eCKoro nOAXOAa. 
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Jolos R.V., Ivanova S.P. E4-85- 647 
Model Description of Neutron Emission 
in Heavy-Ion Reactions 

The neutron emission in heavy-ion induced rc ac ~ i n n q i ., 
studied. The model describing the high - energy-pnrLicle emi s­
sion is suggested. The model is based on t he <ls!; umpl:iun lhat 

one-body collisions of nucleons with a t iml!-dl!pl.'IIUt' n f w, d I 
determine the dynamics of the colli s ion. Tilt! h i. gh t'l1l"q~y pa rl 
IJ f the spectrum is described correct l y in Lh e IrHlRl' II I l la i'l 
model. The low-energy part 0 f 
the statistical approach. 
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