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DISBATriT* IX HEAVT-IOX COLLISIONS MID ITS «OLE I!» *0lt-EqullI8HIUM HEUTBOH EWS5I0H 

A. LUKASIAK. U. CASStNS AM) U. NOREKBEftS 
Gesellscheft fttr Schwerionenforschung nbH (SSI), Derajtadt, F.R. Scnwiy 

Slow collective nucleer notions such M heevy-lon colli
sions slightly above t M Coulomb barrier and induced 
nuclear fission imply collective velocities q which are 
seall compared to the Fermi velocity (q « v F ) . In the 
Unit q * 0 the individual nucléons can completely adjust 
ta the collective notion tnd the residual interactions 
ensure that the collective Motion proceeds through con
strained correlated ground-states in a tine-reversible 
«ay. For realistic collective velocities, however, 
adiabaticity is not fulfilled. There is an interesting 
interval of collective kinetic energies per nucléon ' 

1/40 KeV< E £ 0 ] J /A « 40 KeV. (1) 

«here the motion of the individual nucléons is nearly 
adiaoatic and the concept of single-particle states 
stil l retains valid. Only in the vicinity of quasi -
crossings of the adiabatic levels the nuclear s.p. 
notion changes completely. According to the Landau-Zener 
formula ' a nucléon in the lower level before the 
crossing will find itself in the upper level after the 
crossing if this has been.unoccupied before, or in 
other words, the nucléon will stay in the diabatie level 
preserving its nodal structure. By replacing the usual 
adiabatic s.p. basis by the diabetic states we take full 
account of the non-perturbative jump probabilities 
{close to 1). Conserving the occupation probabilities of 
these states the notion along the diabetic levels leads 
to the creation of particle-hole excitations whenever a 
diabetic level crosses the Fermi energy. With respect 
to the collective notion this excitation mechanism gives 
rise to a conservative potential which partially decays 
in tine due to residual two-body collisions'. 

The calculation of this diabetic potential with respect 
to the relative notion of two heavy-ions is based on the 
tdlabetic single-particle states xv(a) generated in a 
two-center shell-model ' . The construction of the diabetic 
states »v(q) proceeds in a two-step Iterative procedure. 
If tne nuclei are far apart adiabatic and diabetic states 
coincide, i.e. ^(q) » * u (q). The diabetic state e v(q') 
( t a somewhat sceller relative distance q' is now gene
rated by sûtes *. (q'J which are a linear combination 
of the adiabatic states x (4')> 

•.„(<!'!• t %(«.')!»..(<l)»ixv(«'J> • !*! 

The expansion coefficients correspond to the overlap 
between the diabetic states at q and the adiabatic state 
at <?' • Q'tq. The summation is restricted to states with 
maximum overlap. By orthogonaliation of the set •'., (q')> 
the diabetic states * (q') tr* obtained which allow for 
a calculation of tJq-Zaq) in the next step and so forth. 

The procedure described above was applied to the system 
M K r - 1 6 6 Er for spherical nuclei including I-s and 
t 1 coupling in the adiabatic s.p. Healltonlan. The re
sults for the lower s.p. energy branch In the 2 • 1/2 
shell are displayed in fig. 1 for the adiabatic s.p. 
levels (l.h.s.) end the constructed diabetic levels 
(r.h.s.): 

»<K M * mrxj mes sunt • * ! nwnoi unu 

Fig. 1 

The levels nicely demonstrate the cnanges at the pseudo-

crossings of the ediebatic levels which become reel 

crossings in the diabetic case. 

The diabetic potentiel now corresponds to the extre 
energy pumped into the system due to the diabetic pro
duction of particle hole-states. All s.p. levels which 
contribute to this type of excitation ere depicted in 

86. tWr fig. 2a) In case of neutrons for w K r •» ""Er. The 
levels occupied at 14 fm (i.e. full line* for 1 M £ r 
and dashed lines for M Kr below the Fermi-level, which 
Is indicated by open circles) remain occupied in the 
diabetic case while the Fermi-level corresponds te the 
highest adiebetic level. By taking the difference be
tween the sum of diabetic end ad tabetic s.p. energies, 
which are occupied as described before, the diabetic 
extre energy & 4 1 t t for W Kr •» 1 M E r is obtained. The 
numerical result is displayed in fig, 2b) for the neu
trons (deshed tine; end protons (dotted line) separate
ly as well es for their sun (full line). 
T(>e jrephs stow Wat a eensidereele amount of collective 
kinetic energy can be stored in the diabetic s.p. motion 
in the initial phesc of a heavy-ion collision. In this 
respect the additionel potential »V df, b yields an al
ternative explanetion of the 'extre push'5', which due 
to friction forces alone expleins the experimental ob
servation6', that tne barrier for the mutuel capture 
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of two heavy nuclei is considerably larger then the 
bare Coula* barrier. 

sun of the energy excess 4V.. . depicted in fig. Zb 
and the adiabatic potential of Killer and Nia8' are 
performed for various energies per nucléon. The decay 
of the diabetic force due to residual two-body collisions 
is taken into account within the dissipative diabetic 
dynamics (000) described in ref. 3. The cross-section 
for the diabetic neutron «mission is displayed in 
fig. 3 for various values of the local equilibration 
tie* x. which is related to the Bean free path \ 
of nucléons by t j • 3Vv r . The threshold for diabetic 
neutron emission t$ well as the magnitude of the cross-
section only slightly depends on the local equilibra
tion time because the tie» between contact and the 
classical turning point is small compared with reasonab
le values of T , „ . 

IOC 

Fig. 2a) Fig. 2b) 

Another interesting aspect of diabetic s.p. states is 
their direct connection with noa-equtlibriian neutron 
or proton emission in heavy-ion collisions. Several 
neutrons at least should be omitted from the colliding 
nuclei due to the direct coupling of the s.p. states 
to the collective motion, which produces highly excited 
s.p. states (cp. fig. 2a). 

The excitation say Be viewed as * squeezing of the nuclei 
in the radial direction leading to a considerable shift 
in energy of those states with several nodes in this 
direction. The excited states have a non-zero decay 
width and can be directly emitted in the continuum 
[diabatic amission of neutrons). As a first and rough 
approximation we assume the decay-width to be zero i f 
the exclut ion energy above the local Fermi-level is 
less than the experimental separation energy for the 
corresponding neutron and to be infinite In the other 
cas* (kick-off condition). This yields an upper limit 
for the diabetic emission of neutrons. 

The diabetic emission of neutrons (1) has to be dis
tinguished from neutron evaporation from (11) fully 
accelerated fragments and the neutron amission (111) 
due to single nucleon-nucleon collisions. The process 
(11) is described by isotropic Mission from two 
sources moving with the velocities of the projectile-
end target-like fragments respectively, while the me
chanism (111) is characterized by an emission (isotropic 
in case of s-wave scattering) from a single source 
moving with naif of the s««m velocity. The diabetic 
emission of neutrons is an alternative to the Fermi-
jet assumption of Bondorf et a l . 7 ' essentially de
scribing non-equilibrium patterns. 

flA 1M 
Dynamical calculations for the collision of "*Kr - *""Er 
based on the diabetic potential, which Is given by the 

Fig. 3 

The predictions up to now (within the error bars) are 
consistent with the experimental results for 5.7, 7.0 
end 7.9 "ev/n where no significant cross-section for 
non-equilibrium neutrons mes found and the whole yield 
could be explained by statistical evaporation from 
fully accelerate» fragments ' . In contrast to these 
measurements a considerable amount of non-equilibrium 
neutrons was detected at 11.9 "eV/n 1 0' which *n also 
predicted by the calculations (fig. 3), 

In order to obtain preliminary Information about the 
angular distribution for the diabetic emission of 
neutrons we calculated the angular dependence (w.r.t. 
the center of mess of the dlnucleer complex) of those 
states which are highly shifted 1n energy across the 
Feral-level (cp. fig. 2a), i.e. 

In this Initial study the distance between the center 
of messes of the two nuclei q was fixed by the kick-off 
condition «escribed above. The numerical results for 
,• ( 9 CM) I ' («(Played In f ig. 4) show a very pronounced 
forward- and backward peaking; the decrease fro* » • 0° 
to * • 90° is about one order of meanitude. Experimental 
measurements of r i isl l et at. for "c - I M Cd at 
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150 • 160 MeV show a stellar behaviour 1 1 1. They find a 

decrease In the angular distribution of fast neutrons 

from » s 15° to 9 = 113° by a factor 6. 

1tO~ 

Fig. 4 

Me should keep in orfnd that the distribution shown in 

f i g . 4 can not directly be coapared with expérimental 

results because the strong peaking of the s.p. density 

in * direction ( f ig . 5, i« v (q ; o.z);2 for three values 

of the radial distance q) is snootbed out due to the 

different orientation of the dinvclear coaplex with 

respect to the beam ails throughout the collision 
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Calculations along this line are 1n progress as M i l 

is for f i e energy distribution of the fast neutron*. 

Experimental efforts In this direction could possibly 

c l a r i f y . I f the concept of dlibatlclty Is valid for 

large amplitude but oodentely slow collective nuclear 

•otlon. 

References: 

W. Ktirenberg. Phys. Lett. 1048 (1981) 107 
O.L. Ki l l and J.A. HheelerTTnys. Rev. 89 (1953) 
1102 — 
U. Casslng and W. Nbrenberg, Preprint GSI-81*4I 
J . Raruhn and U. Greiner, Z. Phys. 251 (1972) 431 

5) W.J. Swiatecki. liucl. Phys. A376 (15B7) 275 
J.R. Nix and A.Y. Sierk. PhysTRev. C15 (1977) 
2072 

6) H. Sann. R. Bock et a l . , Phys. Rev. Lett, ( in 
press) GSI-Preprint-81-6 
IBock, T.T. Chu et a l . , GSI-Preprint-81-35 
J.P. Bondor' et » 1 . . Hucl. Phys. A333 (1980) 
285 
P. K311er and J.R. Mx , hud . Phys. AMI (1977) 
354 
Y. Eyal, A. Gavron. I. Tserruya. Z. Fraenkel et 
al., Phys. Rev. C21 (1980) 1377 
I. Tserruya, A. TSreskin, Z. Fraenkel, S. Wald 
et al. 'Non-equillbriua Neutron Emission in Oeep 
Inelastic Collisions of "Kr on "*Er at 1.02 Ge»'. 
Preprint HIS-81/7 

11) F. Plasil et al., Proc. International Workshop 
on Gross Prooerties of Nuclei and Nuclear Excl
ut ions IX (Hirschegg 1961) p. 97 

1) 
2) 

3 

J) 

8) 

9) 

10) 

-20 -» -H» -» 0 » W « 

Z (fm) 

Fig. 5 


