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!.Introduction ., 

The large' value ~f the kin~tic erie~gy losses is ax;_ inherent .feature 'of deep inel~tic 
h~avy ion ioiiisions (1]. En~rgy distributions: of the reaeti~n produCts, co~relations of 

the dissipated energy' with'other ob~erw;_bles ,·especially the one that characterizes 

nudeo~ exchange have 'b~n investigated in a mimb~r of experiments (see' in [1,2]). 

Originally, the resultS of several early experiments were c:Onsistent' with' the as

sumption of a very rapid set-in of the thermal equilibrium in a dinuclear system. In 

this case th~ excitation energy is divided approximately proportionally to th~ fr~~~nt 
ma:sses .. Ho~ever, later. bxperiments (3,4] demoristra:t~d that this 'assumptim{' is. not 

~orrect: 'MorooV:er; iri'the ~e~ti~ns · 52Cr+208Ph [5], 238u+124sri; 110
Pd (6] a: Iargep~t 

.. M the ~~~H~ti6ri: en~~gyis do~c~ntrat~d in· the lighifr~gments eveidor a iarge rcillge of 

tot~i ;energy. lo~~es:' N ea~ly: e~u~l ~haring of the excitation ~rierg)r has b~n observed in 

the~eactions 58Ni·+ 197At~.'[4], 56Fe+165Ho {7.:...9] and 74Ge+165Ho (1o.:..i3]for rel~tively 
la~ge·"V~IU'es ~f the 'total kin~ti~ enefgy ioss~s . With i.nc~e~ing total kinetic energy loss 

the di~ision ofthi ex~it~tioh'eheig'y appr~ach~s but never reaches the' thermal eq~i
Iib~i~~ iiffiit. Th~s: these new experiments gen~rated gr~at iriterest i~ th~ p~obl~m 

· of kiri~tic energy dissipaticin .. It is iillportanC a.! so io know· how th~ e~citatiori energy 

is·. distribut~d bet;.~~n · the 'fr~g~erits~ fo~, the ~e~on~truCtion of the p~ima~y reaction 

.prod~~t yi~la~. fr<>Jri riie;...;u~~d yields ~f ~vap~r~tion 'residues and fo~. the ~a:Icul~tiori~ bf 

th~ ~i~tic i imcl~i 'pr~d~~tiox'i.; cros~j section. ' . . ' . ' : ' : ; 

In th~ th~~~tical· ci~dd~ p~oposed f~·r. th~ 'd.~~~;ipti~~ of aecJp in~la'stic' collisions 
,;. ... ' •.· ,. ,. , '., ' •. , . · •. , ., 'I;·, .. · .. ' . ·. .· . . . 

(14]' th~ 'relative motion of mielei'is treated classically and the 'frictional forces are 

intr~duced to describe the ki~etic energy dissipation.'' The cal~ulation: of fricti~n~l 
co~fficients re~riir~··~~plicit ·forin~lati~n· ~f the'ihicrci~copi~al xri~d~l · i~i:I~di~~ 'the cou-

, ~ ' ; • < ' < 

piing of relative motio~ to the intrinsic degree~ ()f freedom (14-27]. Th~e models are 

distinguished by intrinsic excitations to be considered: collective surface vibrations, 

giant resonances, noli-coherent particle-hole excitations or nucleOn exeharige between 

nuclei. It. is clear· that· the structu~e, of excited states, the strength of the coupling 

of di~erent excitation modes with .;, relative motion will itifluence excitation energy 

distribution between fragments. ·. . . 
, . ,. In th~ present wo~k the ~ic~osc~~i~ model which is based on th~ ~s~~pti~n that 

the ~~~rage flelds ~r'th~ t~lliding,nucl~ia~e not distu~bed dra:st'i~ally d~~i~g the' ~1-
. ~;·.- ·:J '1 .• i ::··· •• '···'' i ·, ; •' ~ ,' ' !'<\ ' '. ' '::,,; ~ t·_l : •• --~i :· :·~--~ • • 

lision (28-30] is applied to the description of excitation energy division between the 
~.·~";',..·;- .·.-~.:;··,,:;.' ., , ··~. ,.,, .. ; ·.·.: . . <::: \~·-:.~- _,;, ,•'-, ;;·,~-.·~ ,·:~:-:· . 

reaction pro~ucts. The main effect of the nuclear average fields is the multinudeon 

h\tlhr.-:·•~iwl ltK:IIlJI ~ 
U'!~l ICC~,t.JHflli!l I 
. ~n.tOTEKA V ----- ......,.__..., - .· 
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transfer between fragments and inelastic processes (particle-hole e'xcitations) in frag~ 

ments. The method allows us to compare the relative role of the par~icle-hole exci

tations and nuclron exchange in the process o[ the kinetic energy dissipation· and to 

~lculate the co~elations betw~n the characieristiC.s of the nucleon exchange and the 

tob.l excitation energy of nuclei: The results of calculations of the excitation eliergy 

distribution between nuclei will be shown for different projectile-t~rget combinati_on~ 
and bombarding energies. 

t.' 

2. Model ;.J 

The model is based on the assumption that the colliding nuclei moving approximately 

along the classical trajectories conserve'mailliY their individual ~roperti~s at the kinetic 

energies _under consideration. E~ch nucleus is_ presenied by a potential well (Wo~ds

Saxon potential) with nucleons in it. ·During the interaction time both potential wells 

act on the nucleons· in. each nucleus ca~sing tran~itions. of nu~ieons between singl~
particle states. The transitions takin~ pla~e in ,every nucleus are p~rticle-hol~ e~cit~.-

. -. , .'. • ., ' ; • ,• I • 

tions while those occurring between partner~ nuclei· are· nucleon exchanges.· Thus; in 
. ,· • .· :-:, .. • , •· l' ' ,,: ' · .. 

the proposed model the single-particle mechanism is considered as the main mecha-

nism of excitation _and dissipation. ·Th~ two~body micleon ~ollisioris are t~k~~ .int~ 
account only through the temperature-dependent occupation' number of the single-

• • '. • ' .' • ' • ·-(·, c •• •• '. ,· • '···: ·_: 

particle states. Such effects as excitations ofhigh-.arid low~lyingcollectiyestates of 
' ' . . . ' . . •' _, ... •, .. '- .. - .. ,' 

the interacting nuclei and of the combined system connected with the effective residual 

forces are neglected. Although the, contribution to dissip-ation can'_ca~e from ~asil~ 
excited surface vibrations the adiabaticity~f a r~l~tive·motl~n Vlithrespect to these 
vibrations de~reases ~heir effect .. , : , . , ' . 

1 
' : :< ,: , .',. ''. , · : ·: · ' , . 

+ ' ' ; ' •• ' ' - ( ' ' -... • ' •' - > j , ., • ' -~ • • } •' !i 

The total Hamiltonian of a dinuclear system-H is· taken in the form . . . ,_ : . '•' . \ .,,_-- ·, '· '· 

H = kel + H;n .+ V;~t ~ .... ! ..,_.; . • . (I) 

·' 
The Hamiltonian of a ~elative motion 

•2 • <p· .·•'•' 
H,~, = -

2 
+ U(R) . . Jl '• . il 

consists of the kinetic energy and nucleus-nucleus interacti,ori · p~t~ntlal cf'(R.): ·Here 

it is a relative di~ta:nce betwe~n the c~nt~r of ~~;,' ~£ f;ag~~rits, p is '~ ~o~j~gate 
momentum, Jl is a reduced mass 'of the sy~t'erri. Tile: last two t~rms 

1 

iri. {1) describe 

the inti insic motion of nuclei and the c~~pling betw~e~ relativ(!_and in~rin;iJ'motiori'. 
"' 'f 

-,2 ... •t 

r 
I 

• 

.*' 

0 
l ( ...... } • . . 

Employing the·Ehrenfest the~rem it is e~~; to obtain from (I) the classical limit of 

equations of motion for the~acroscopic colle~tive ':ariables R andP:. 

R = V p(llret+ < tli~ntll > ), 
:.a P = ...:v~(II,.,+ < tl~ntli >), .. 

(2) 

(3) 

\vher~ < tj ... lt> means the averaging ~ver.'the intrinsic state at the moment oft; 'It is 

clear that a relativ~ m~tio'n. of n~clei additi~rtaliy depe~ds on the non conservative and 

nonstati~n~r~ coupli~g.'pot~ntlal < ili'inilt > which can ,be calculated by solving the 
·-.' ' 

equation of motio~for the singl!!-particle de~sity matrix .. 

·.·The single-particle basis is coiistruct~d from the asymptotical single' particle state 

ve~tors of'no'ninteracting nuclei: for proj~ctilc"P" IP >'and targ~t-"T"IT> in the 
form . ' ' " . 

I) 

- .. : ·. I 
IP >,;; IP >-:-LIT>< TIP>;· 

•.. ., 2 1' l ·, ' . ', ' 

- I . , . 
IT >= IT> -::;LIP >< PIT > . 

' -,p I • ' :·:' 

The orthogonality condition for:th~ given b~sis i~ f~tlfill~d up to the second order of 

the overlapping integral < PIT :> · (30);, • 

The single~ particle Hamiltonian of .a dinitclear system it fs ~ follows . ·, .,· .... 

. if.(;(t)) = t ·(:"2

D.;+ [fp(r;- R(t)) + Ur(;;)) ,· 
•• • .. _.I ·.i.=l ·-_nl ·. , . .·: .. ' ··. ·. 

(4) 

, 
where m is the nucleon mass, A = Ap + Ar is the total number of nucleons in the 

system; The average single-particle potentials of projectile Up and target Ur include 
both the nuclear and 'c~~l~mb fields. , . , .. . .. 

In the second quantization form thc.llamiltonian (4) can be rewritten as 
• • ' .. ~ • ,• <: ; . ... : ' 

·· if.{it(t)) ;;, 'k;~(R(t))+'V;n;{R(t}}, ' 
jJ;n(R(t)) = :El;(R(t))ata;::;, L::ep(R(t))aj;a1, + L::er(R(t))aj:aT, · (5)· 

i . . P T 

i1nt(R(t)) = L V;;•(R('t))ata;• 
i¢-i' 

= I: x~).(R(t))aj;ap. + I: x~q.(R(t))a.ta7.;+ I: gn(R(t))(atar + h.c.). 
P-IP' 1"tT' 1",1' 

Up to the second order in <;PIT> 

a lp(R(t)) = cp+ <PIU-r(r)IP >, 

3 



~t ~ ~~,n~ 

lT(R(t)) = cT+ < TjUp(r- R(t))jT>, 

~~lfo.(R{t)) =< PIUT(r)IP1 >;' · \~• 
' . ' . ···t 

xW.(R(t)) =< TIU;(r-R(t))IT >, 
I . . . . . 

.t 

(6) 

gPT(R(t)) = 2 < PjUp(r-~(t)) + UT(~IT ~-· 
0 

· In the expression (6) CP(T) are single-particle energies of nonperturbed states in the 

p~ojectiie (target) nucleus. These ;tates ar~ characterized by' the set of qu~ntum nu~
bers p = (np,j;,lp,~p) and T ::i: (nT,iT,lT,mT): The diagcmal matrix ele~ents 
< PIUTIP > and <: TjUpjT ·> d~termine.:the shifts of the single-particl~ energies, of 

the projectile nucleus caused by the target mea~ field:• The corresponding 'n6ndiagorial 

matrix,elernents x~lfo. a~lxW._g~nerate,pa~tici~h6I~ tr~nsitions.in th~ sa~e nucie~s/ 
The matrix elements gPT corres'pond to the nucleon exchange between the reactio-?-

partners due to the nonstationary mean field of a dinuclear system. The contributions 
' ' . ( ; 

of noninertial recoil effects to the matrix.elements 'are neglected since they are small 
[21]. 

The equation of motion for the singl~p~rticl~ d~~sity-matrhc n(t) is 

in 8~~t) ~ [H(~(t)), n(t)J. (7) 

In the matrix representation it takes th~ form I 

dn:(t) ··~ · .· · . > ' · · · · ili--;k- ~ ·LJ [V;k(R(t))nk;(t)...: n;i,(t)V/,;(R(t))], 
k ' . ' 

(8) ' 

in dn;k(t) = nw:"(R(t})n:"·(t) + k(a(t))in".(tf1·~;(t)]; 
'dt ' ' ' ,,. ; .. ' ·:· ·" ' ' ·l 

(9) 

where the following notations w;k(R(t))=[l;(R(t)) -l"(R(t)Jfn; n;k{t):::::ilataklt>, 
' .• ' • I" • • 

n;(t) = n;;(t) =<tlatadt> are used. In the equation {9),we have done ,the following 
. ·\ .• ," ' ',, ' 1 

approximation 
: ;· ~ ) -

L Vi.•;(R(t))nk•k(t)- L Vi.;•(R(t))n;;•(t) ~. Vi,;(R(t)) [nk(t)-n;(t)].
1 
I. (10) 

k' i' . . . ' . .··. ~ . . j ' •• ~ ••• ' ' • ' • 

Substituting the solution of (9) · • · ·. 

n;,(t) ~ i~ ldt'Vu(IJ-(nJ oxp { i I dt"~•;(R(i''))} (n;(t') '-' n;(t')l . (11) 
0 

into (8) we obtain equations f~r thedyn~mi~~l occupati~~·~umber; n;(t) 

l 
L 

j 

·1 
,· ' '). 

• ! 

~r 

f 
I 

I 
·I 

I 

dn;(t) "]a In ( I)[ (I . I J ~ = LJ t ><ik t, t nk t ) - n;(t ) 
k ~ . . . ' . . 

..yhere • !l:k(t,'t
1
) = .:2 Re { V;k(R(t))VJ,;(R(t1

)) ~.x~ [i i dt"wk;(R(t/1~)] }· 

{12) 

·The equation {12) contains memory effects. In Markov~an approximatio'n equation {12) . 

can be rew~itten in a ma.Ster-equation form' ' ' 
,._ c 

··,. dn;(t) ·=I: Wik(t, to)[nk(t)- n;(t)],.,., 
dt k ' . 'f. 

(13) 

',. 
where 

• ' . ~ I .. 

W;k( t, to) ;, j dt1!l;k( t, t'). 
l> ~·~ 

· to ' ·. ' 

The equation (13) can be s~lved by the successive iteration procedure 

n;(t + ~t) ·= n;(t) '+'I:wik(R.{t): it)(nk(t).:;; n;(t)], 
' k ' ' 

..:..:._ . · ' · ·.. ;sin2 ( ~wk;(R(t))) 
W;k(R(t), ~t) ~ IV;k(R(t))l ["- ]2 

. . . '. . 2wk;(R(t)) 
- ,._ ' " ·. . .. - ···' 

(14) 

. The. initial values of the occupation. numbers are equal to 1· for ·occupied states and . . 
zero for unoccupied one. ·A magnitude of the time step~t usedin the calculations is 

(0.3 + 0. 7) ·10'""~2 s. ' 

0 The equation (13) describes irreversible evolution of the s§stem~ Using this equation 
~d thedefiriitfoii of ~ntropy S(t) ' ' . , 

S(t) = -k L [n;(t) In n;(t) + n;(t) In n;(t)], 
i 

n;(t) = 1- n;(t), 

we can obtain the time derivative of the' entropy 

0 dS(t) ~ ~ L ·w;k(R(t), ~t)[n;(t)n~<(t) .:.::.n"(t)n;(t)]ln n;(t)n~<(t) · [n;(t)nk(t)] 

dt 2. i,k . . . . ' .. ' .. · . . .. 
. {15) 

where k is th~, Boltzmann constant~ It is seen· that the entropy derivative is larger 

than or equal to zero. This irreversibility is a consequence of the assumptions that the 

di~tdbution of the phases of the nondiagonal matrix elements. of v and n is chaotic ( eq. 
. . . , - ~ . ' ' ' ; -

.10). The stationary solution of equation {13)does not coincide with the temperature-· 

dependent occupation numbers for the Fermi gas because the residualiriteraction be

tween nucleons was not taken into consideration. ·The inclusion of the residual forces 



results in the well-known two-body collision .terril (31~ 32] in. the right-hand side of 

equations (12) and (13) additional to the one-body term· 
a 

Q 
t . . • . . .' 

I:: jdt'f!iJic1(t, t')[n;(t')n;(t')nk(t')n1(t')- n;(t')h;(t')n;(t')n;(t')J, 
jkl to , . . . • 

I) 

'' 

f!iJkr(t, t') = ; 2 Re { V;jki(R(t))V,kji(R(t')) exp [ii dt"wtk;;(~(t"))]}, 
where Wik;;(R(t)) = [l,(R(t)) + lk(R(t)) _:jj(R(t)) -~ l;(R(t))J Jn, V;jU(R(t)) are ma

trix elements of a residual interaction. The~, the time derivative of the entropy-can be 

calculated including the two-body collision term 

dS(t) k { " : · '. · ·. [n;n"] -- = - I:: w;k(R(t))(n;nk·- nkii;) In -_ 
dt 2 i,k. : . . , . , nkn; • 

1 ' . ' . . ' ' 

. +2_~ ,tpiJ:,(R(t))_[n;n;iikiil - n;ii;nkn,j In [n;n~ii"ii'] } ,. 
s1kl . .. . • . , . . · , . .. _, n,n1nknl 

where for the brevity follow~ng notations n; = n;(t), ii; = 1- n;(t) and 

t 

' MJk,(R(t)) ~ jdt'f!iJic,(t, t') 
to 

(16) 

are used. It is well known that the stationary solution of (16) corr~tspon~s .to the sta

tistical equilibrium with the temperature-dependent Fermi-Dirac occupation numbers 
,with the same;temper!l-ture (Ti. =, TT), and Fermien~rgy, (t:Fp .= t:FT)'fo~. nuclei,in 

contact. The explicit account of the residual interaction requires a large volume of 
> • • • .• '• .. 

calculations. The linearization of the two-body collision int~gral simplify the consider-

ation. In the relaxation time app~oximation [33]: 
.. 

in°~~t) = [il,fi(t)]-' i:[fi(t)-'- fieq(R(t))j,- · '~. 

(7') . 

where T is the relaxation time; fi.<q(R(t)) is a local quasiequilibrium density' matrix 

at fixed val~eofthe colle~tive coordinate R(t) which is determiried by the excitation 

energy of each nucleus. Analogously to the expressions (8), (9), (nf and (12), the 

following equations are ob~ained . · 

· dii·(t) · · · ·; ·· • · ·. ' · · ·· in . · 
i~Tt- = ~[V;k(R(t))iik;(t) ~-~;(R(t))ii.;k(t)t-:- -;:-(ii.;(t)- ii.~q(R(t))],. (8') 

' d--.() . . . . ; ..... · •' '' ' ' . 
in n~ t = 1i, [w;"(R(t) :- ;}n;k(t)+ Vk;(R(t))[ii.k(t)- ii.;(t)J, {9') 

6 

.(J 
"! 
I 
l-

1_-

I , .. 
I 
I 
I 

.. 

: 

:\• 

-~~ b) 

. .. 

,.v'"'.-.' 

-- ... II>-

_ :'ii.;i(i)-= i~ l dt:V;k(~(t'))e_xp { i l cit" [wk;(R(t") +~] }(ii.k(t')- ii.;(t')J, · (ll') 

n· t . · · t - t · .. ' d- ( ) ' t - ( 1 , ) 1 
-d' '= L:j dt'f!;k(t, t')_ exp - (ii.k(t')-:- ii.;(t')J- -[ii.;(t)- ii.i9{R(t))] {12') t · · T T · 

~ • · ·· · · k to . . . ··- ,·. :. ' ' · .' . · ·- · 

A formal soluti~n of ~quation (12') is 

- ~ (~ :_:.t) { ' ' > _t ' ' t' . • (. t" . ._ t) ' . ' ) : 
= _e~~ T . ii.;{to_)+ ~ [dt'[ d:"f!;~o(t',t")exp ~-. [ii.k(t")- ii;(t")J ii;(t) 

~:r 

+ j dt'ii?(R(t'))exp C'~to)}: (li) 

It is convenient to _solve the eq.(17) step by step dividing time interval (t ....: t0 ) into 

partsi. to, -to+ ~t, to+' 2~t, etc: Then eq. (17) can be rewritten approximately for 

~t < r as 

ii;(t) 

J;(!) 

' [ . (-~()] . (-~t) = ii;'9(R(t)) 1 - cxp ·----:r- + /;(l) cxp ~- , 

- ii;(t-: ~t) + L W;k(R(l), ~l}[lik(l- ~t)- li;(t- ~t)J, 
k . 

(18) 

where W;~o is defined in (14).. The dynamic /;(t) (cq. 14) and quasiequilibrium 

ii~eq)(R(t)) occupatio~;~umbers arc calculated at every time step. The temperature 

characterizing Fermi-Dirac occupation numbers 1i~9 (R(t)) is determined by the excita

tion energy of each nucleus.' The rela~ation time T specifies relative contributions of 

the single-particle and two-particle components. 

The present model allows us to calculate the average number of protons < ZP(T) > or 

neutron's < N~(T) >, their variance u} or ui.J arid to determine the intrinsic excitation 

.. energies $i>,T(t) for every nucleus: 

. Z' 
< ZP(T) >: ( t) = I:: iip(T)( t), {19) 

P(T) 
• N . 

<NP(T)> (t) = I:: np(T)(t),. (20) 
. P(T) 

O"~(N)(t) = LZ(N)np(t)[J - li.p(t)j, (21) 
• p 

Ej,(T)(t + ~t) = Ej,(T)(t) 

+ L [iP(T)(R(t))- CFp(/·]·)(R(l}}](rip(T)(t + ~t)-:- nP(7'j(l)],(22} 
P(1') 

/ 

7 



'where· C:Fp(FT)(R(t)) is the. Fermi energy _of a projectile:liks nucleus "P" or target

like nucleus ''T". •.The top index Z(N) of sum restricts the summati?rt._over the pro

ton(neutron) single-particle levels. It is seen from .(22) that the1fragment' excitation 

energy is calculated step by step along the time scale. The variations of the occupation 

numbers which are describ~d by the ~q~ations (18) are deter~in'ed by the W;k; It is 

seen from (14) and (5) that at every time step the contributions from the p-h excitation 

and the nucleon exchange to the variations of the occupation numbers are separated 

since only the squares of the m<~;trix elcm~nts X~),, ·X!ff,, gPT_ contribute to Hfik· 

Substituting (11') int~ equation (3) we obt~i~ al~o th~ foil~wlng integro~differ~nti~ 
equation describing a relative motion 

!!._ (JL(R(t))R(t)] = -VRU(R(t))- -h2 1~ {LvRVk;(~(t))ii;k(tl}· . (23) 
~ ' . ~ ' 

\ ' " ,• ' ; ··., . -' 

The second term onth~ right-hand side of(2J)contains a.co~tribution ofthe effective 

forces. This ten~~- depend~ ~xplicitly not only on R( t )'but also ~n th~ _current ti~e t. 
If the cliaracteristictime of the collective motion is larger than the relaxation time, we. 

can derive the equation· which is local ih tim; expanding the matrix elements l/k;(R(f)) 
att' = t in a series of (t~ :..._ t)~ This equation•contains the renor~alizatio;;s of nucleus~ 
' . -·.~ '.- . . ' - ' . : ·,. ~ . . . . 
nucleus potential. We get also radial and tangential friction coefficients. 

3. Model caltulations. •"' 

Partitions of the internal exCitation energy bet:een two collisioii'partners ar:calculated 

for the reactions 58Ni'+ 197 Au [4]: 238U +.124S~··, 238U +1?0 Pd [6],56Fe(505 MeV)+ 165Ho 

[7, 9] and 74Ge + 165Ho [12]. We investigat'ed also the roie ,of the nucleone~change and 

the particle-hole excitation mechanism in a conversion.ofthe relative.nwtion kiriefi'C . ' '. ' ' ' ., .. ' .. ~-, . ·. . . 
energy into _the internal excitation energy. The theoretical. a':d ·experiment'al results 

for the ratio of the projectile excitation energy to the total excitation en.ergy Rp_ = 
Ej,f(Ej, + Ef) are presented in Figs. la, 2a. The theoretical results for reactions with • 

· projectile-~ucleus 238U (Figs. 3a, 4a) can be compared with the averaged experimental 

,values of the discussed ratio taken from [6]. For the reactions with target-nucleus 
. . 0 

124Sn or 110Pd the averaged experimental ratio is about 0.4:. For the reaction 58Ni(880 

MeV) + 197 Au [4] it is only known that this ratio. closed. t~ 0.5. The experimental 

data show that the excitation energy is distributed approximately equally between 

the fragments rather than proportionally to the masses of4 the fragments. Even .in the 

reactions with 238U a lighter fragment gets more excitation ~~ergy than th~ heavier one. 

The results of calculations qualitatively agree with. th_e experimental data. Relative 
~ 
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role of the nucleon exchange R~"'l = e;,<exl f(E;,<•xl +Ei-(exJ) and the. p-h mechanisms. 

R~hl = e;,<ph) f(E;,<"hl :tEi-("hl)in the ratio ofthe projectile-like nucleus excitation 

e~ergy to the total excit~tioii en:ergy is illu~t;ated in Figs. 1 b, 2b, 3b, 4b,: 5b: Here 

e;\<.;] ande;r;/ are th~ contributions in EP(T) from the nudeon e~change and the p-h 

excitation, respectively. 

0.8 I I I I I J 

0.6 
a: 

0.4 

A· 

... 

56.- + . I MHo ' . ; a) ~·re . . . . 

Etat,=505 MeV 

-~ 
6~6 6 . 

~- ·-, ,_~AAA_4~A ., 

~.±h.)r.___. ~-

. 0.2 ~11111111l111111111l111111111l111111111l111~ 

)( .. 
0::: 

0.6 

~·0.4 

"' 0::: 

0.2 0 

b) 

------------
------................. ------ ..... ..:. __ --

50 . 100 150 ·,200 
Eioss (MeV). 

Fig. I. a) Ratio Rp. of the projectile-
. ·. -·, ... , 

)ike fragment- excitation e!lergy ( Ej,) 

to the total excitation energy ·for re

>action · 5~Fe(505>M~V) .+ 165Ho as a 

fui1ftion of the total excitation en~rgy 

·,elo•~ = Ej,+Ef~ Triangle~ mark the ex

: peri mental data. Solid line presents the 

theoretical result of our model. Dotted 

line corresponds to thermal equilibrium 

(Ej,/Eio~1 ;:·Apj(Ap:; AT))

b) Calculated 
.•. ' · t.. . ·R(exJ. _ e•<•xl/(E*(•xl+ ·E·<•xl) ra 10s p ·- p · p · T' , 
R~hl = e;,<phJ f(E;,<"hl + Ei-(l'h,l) for.the 

re~tion 56Fe(505 MeV) + 165Ho a8 a 
• ••• ";.' p -· •• -· ·-·-. ••• ··-· ., 

, .. function of total excitation energy E1ou 

are· p~esented by lo~g d..:.S~ed line and 

,'short dashed line, respectively 

The theoretical results for the r~tio of lhe part of tot<Jl excitation energy produced 

by the p-h excitation E1~:J = E;,(vh) + E~(ph) to th~ pa;t produced by the nucleon 

exchange et:J = e;,<•xl -r·e~<•xl ~reshown in Table 1. . 

Reaction · E1ab (MeV) ,L 

238U+ nopd 1398 57 

238U + 124Sn 1468 50 

23~U +124S:ri.. 1468 100 

ssNi + 197Au I 880 240 

74Ge + I65Ho 629 169 

. 56Fe + 16~Ho . 505 175 

E(ph) / E(ex) 
lou lo&s 

0.70 

0.67 

0.60 

0.18: 

0.30 

0.31 

Table 1. -R~tio of exCitation ener

gy producedbyinelastic (p-h) ex-
"t ·t· · e<"hl_ - . e·<vhJ + e•<phJ Cl a lOll . lou - . p · .T 

to that produced. by nucleon 'ex

change_ e<•xl = E~(ez) +' e•<=l for 
lou P . · T 

different!eaction~ and trajectories 

It is seen that in the reactions with 58Ni, 74Ge and 56Fe the main role i~ the kinetic 

·energy di~sipation plays the nucleon exchange. In the re~ctions with heavier partners 

with A > 100 the role of the p-h excitation mechanism increases. 

9 



0.7~~-'~~J.. i II ~" 
1 

I :a 

0.6 

0.5 
a:: 

0.4 

74Ge . + III&Ho' • a) 

~ 66 66666666 6 6 6 

j 

0.2 [1111111111111 i 11111l111111111l11111.1111l 

---------------
J0.6 

\ b) 
.E 

a::~ 0.4 

.............. ~: ..................... ---··:~------.~ ....... -
~ ..... -

0 2 t • 10 10 10 I" 10 10 10 • I I !o 10 10 I "• 10 10 10 lj 

. 0. 50 100 150 •200 

, Eross(MeV) 

Fig.2.: The same as)n Fig.1 but for the 

reaction 74Ge(629 MeV)+ 1~65Ho 
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Fig.4. The same as in Fig.1 but for the 

reaction 238U(1468 MeV) + 124Sn 

,J 
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Fig.3. ·The same as in Fig.1 but for the 

reaction 238U(1398 MeV) + 110Pd 
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Fig.5. The same as in Fig.1 but for the· 

.1·eaction 58Ni(880 MeV) + 19?' Au 
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(J 
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The values.of charg~ (mass) drift and the variances.of charge (mass) distributions . v .... ,, . . 
are shown on ·Figs. 6:-12. A good dcscription';of the experimental data·has been 

·~ .... -.... / 
obtained. 
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' 

Fig.6. Centroids of the Zp, :Ap dis-

• tributions for projectile-like.fragments 

of the reaction 56Fe(505 MeV)'+ 165I,Io 
~ - ' ' 

a~ a function of the total excitatio~ ·en-

ergy Et083 • Circles give the primary val

ues, dashed lines present results of the 

nucleo.n excha~ge transport model [18] 

and solid line is our model predictions 

of the primary distributions 

Fig.7. Variances of the Zp, Aj, distri

butions for projectile-like fragments-of 

the. reactio~J 56Fe(505 MeV) + 1,65Ho· as 

a function of energy loss Et0 ... Symbols 

arc the same as in Fig.6 
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Fig.8. The same as in Fig.6 but for the 

reaction 56Fe( 403 MeV) + 165Ho 
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Fig.12: The ~a~e as in Fig.6 but for 
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',/ 

<<The traJ~~tory ~f colliding nuclei was determined ~ in (28, 34]. Single-particle 

matfix,el~ents x¥f, , X~f• ~ahd < itPT ha~e be~n c~IC'ula~ed' in the ap~roabh described 

iri [35, 36]. The, calculati~riJsh~w thlt th~ ~ariahons ~f i values from 5 ·10-23 s to 

25 ·1~-22 ,s,~on'.tchang~.th~ t:esuits con!liderably. All the ~alculations.are performed 

at 'r ~ 15'· 10-:2,2 s> ·,. 

4. Concltision ·::·. ' 
t.\ 

.. . ' 
' ' ' .. :' . ·. ) . 

The model described in' section 2 is capable to explain b~th the multinucleori transfer 
1 ' J •• •• • • 

data and the distributi~n of the e~ci~ati~n energ:i_.bet~een the primary fragments 
. --7-. ..-_........ :. :_ 

in· deep inelastic collisions ... The results obtained show that the redistribution of the 

.·excit~tion.' energy takes place ·d~ri~g··u~:·~hole inte~action time, ~~t· onl~ ~t the i~itial 
stage: ,Nucleon 1exch~u'ge~ .partic~larly,n~~~ron ~x~hange is, a d~~i~a~t mechanism of. 

' ., , • '. • I • . ·. ·._ .>,.\ , • ~ t ' < < 

energy: diSsipation.' However, for t'he heavy dinuclear systems it seems that the p-h 

excitations be~ome as irr;p~rtant .i.s nucleon exchange.·· Influence of the sh~ll str~cture 
ofthe.int~a.Cting nuclei on .the nucleon transfer and the partition of excitation energy 

- : f • · :· • • .,. · ·• r • '. ~ -· · ' · • ' ·• , ' ' ; ' -· ' ' : • • , • ' · ·' . 

. is significant. . . . . . . 

·We are grateful to Dr.N.V .Antonenko for valuable discussions. 
• ' .• . • ~ ' I ; \ • 
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AJJ;aM51H r.r., JJ;:lli:onoc P.B., HacHpoB A:K. 
PacnpeAeJieHHe sHepmH Bo36yQeHH51 
MeXQJ;y npoAyKTaMH rJiyOOKOHeynpymx CTOJIKH 

PacnpeAeJieHHe sHepmH B036yQeHH51 Me" 
pymx CTOJII<:HOBeHHH T5l:x<eJihiX HOHOB HCCJieAOJ 

· cKoii MOAeJIH. PaccMOTpeHa poJib 'laCTH'IHO ~hiP< 
HOro OOMeHa B npou;ecce AHCCHDaD;HH KHHeTH'I{ 
AB~:x<eHH51 SJAep. Bhi'IHCJieHbl OTHomeHH51_ sHep 
cOOTBeTCTByiOm;ero HaJieTaiOm,eMy SIAPY, K nom 
TeMbl AJI51 peaKu;Hii 238U0468 MsB) + 124s 

- · 56Fe(505 MsB) + 165Ho, 74Ge(629 MsB) + 165 

TeopeTH'IeCKHe pe3yJI&TaTbl xopomo cornacy1 
,AaHHhiMH. 

Pa6oTa BhiDOJIHeHa B Jia6opaTopHH,TeopeTI 

IlpenpHHT Oth,eJlHHeHHOro HHCTHT)'Ta Sl,llepHbiX 

Adamian G.G., Jolos R.V., Nasirov A.K. 
Partition of Excitation Energy 
between Reaction Products in Heavy Ion Collis 

In the single-particle approach a partition o 
the reaction products in deep inelastic collision 
·The role of the particle-hole excitations and thet 
The ratio of the projectile excitation energy to tb 
reactions 238U(1468 MeV)+ 124Sn, 238U(1398 
+ 165Ho 74Ge(629 MeV)+ 165Ho and 58Ni(88 ' ~ 
The results of calculations are in a good agreem 
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