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1. INТRODUCTION AND MOTIVAТION 

One of the most salient features of heavy ion oollisions is 
the emission of very fast light partioles. It is Ъelieved that pro­
perties of suoh partioles provide а souroe of inforшation about 
early stages of the collisions, where thermal equ111Ъr1um is not yet 
estaЪlished. 

Вigh-energy single nuoleon speotra have Ъееn measured in ooin­
cidenoe with fusion-like /l, 2/ аз well аз with deeply 1ne1ast1o 
events/JI. Тhese data have Ъееn ana1ysed Ъу different models consider­
ing either а 1оса11у equ111Ъrated ьоt zone /4~ an equ111Ъrat1on pro­
oess in the fraшework of s11ght1y extended pre-equ111Ъr1um mode1s 
or1g1nal1y deтe1oped for 11ght-part1o1e induced react1ons/5 ,б/, 0r t he 
so-oa11ed Fermi-jets or promptly emitted part1c1es (РЕР)/7 , 81. 

Тhеве approaohes seem to give s1m11ar results with respeot to 
1nc1us1ve data, even though they are Ъased on quite different phys1-
oa1 assumгtions. Тhе comparison wi t h exper 1menta1 data 121 seem1ng1y 
somewhat favours the mod1f1ed Нarp-М11ler-Berne mode1 151. However, 
in this framework angu1ar d1str1Ъut1ons cannot Ъе oa1cu1ated, and 
the 1n1t1a1 degree of freedom по is not yet wel l understood quanti­
tatively. Furthermore , it is Ъу no means clear whether the disadvan­
tageз of the other models (вау, the fa11ure of the Fermi-jet model 
in pred1ot1ng the high-energy component at large angles121) are а 
oonsequence of t heir under1y1ng phys1ca1 picture rather than an un­
зuitaЪle realization of that pioture through а ~umber of ad hoc 
aззumptions ooncerning geor;:etry, dynamics, etc. 

In this conneot1on 1nvest1gat1onз of pre-equ111Ъr1um еm1зз1оn of 
light part1o1es reoently ~erformed using the time-dependent Нartree­
-Fook (TDНl) approaoh/9 , 1 ,ll/ are of great interest since given the 
effeot1ve nuo1eon-nucleon 1nteract1on the t~e evo1ut1on of the oolli­
ding зузtеm is determined Ъу the Ъаз1с equat1onз 112, 13, 141. In ТDНF 
calculationз РЕР are 1dent1f1ed with а 1ow-denз1ty oomponent (а few 
peroent of the central nuc1ear denзity f. ) emerging in forward di­
reotion Ъeyond the fragnent wall at а typ1oa1 time of an order of 
1-2 t1mes the transit t1me tt (severa1 1о-22 s) of а nuo1eon 
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aoross the recipient nuc1eus and esoaping with а ve1oc1ty up to about 
twice the 1nc1dent beam ve1oc1ty. 

Resu1ts of rea11st1c TDНF studies reported in 19 •10/ for the 
16о +93Nь reaction sem1quant1tat1ve1y reproduce some main properties 
of the measured pre-equ111br1um part1c1es. Тhis, for examp1e,concerns 
mu1t1p11c1t1es of fast part1c1os or the thresho1d-11ke onset of their 
appearance at а center-of-mass energy per nuc1eon above the Coulomb 
barrier (Е0 m -V )/~ around 5 MeV as we11 as an increase of fast-

• • с 
-part1c1e emission with 1ncreas1ng 1nc1dent energy. Sim11ar agreement 
with integra1 character1st1cs of the data can Ъе aohieved 

121 Ьу 
app1ying the Fermi-jet mode1/7/ • In this approach it .is Ъasica11y 
assumed that а nuc1eon transferred from the donor nuc1eus to the re­
cipient in the 1atter moves with а ve1ocity that is s1mp1y the sum of 
its initia1 Fermi ve1ocity and the ve1ooity of re1at1ve motion of the 
co11iding ions. Thus, TDНF seems to give argнments in favour of а 
strong coup11ng between Fermi and re1at1ve motion. Тhis, in turn, 
wou1d mean that the dynamics of the se1f-consistent mean f ie1d 1 1ead­
ing, for examp1e, to а rearrangement of the sing1e-partic1e momentum 
d j_ ~tribution (compared to two r'ermi spheres shifted Ьу the ve1ocity 
of re1at1ve motion), to some time dependence of the Ьarrier between 
the ions which the nuc1eons tunne1 through, etc., is neg11g1Ьle if 
1ooking for fast partic1e emission. 

However, recent1y the ТDНF equations have been so1ved for 
О( + ot and 16 о+16 о centra1 oo11is1ons/15/ at severa1 incident ener­
gies Ьу using an e::cpansion of the si ng1e-part .Lc1e wave funct i ons in 
termв of static orthogona1 basis ~unctions constructed from orthogo­
na1 po1ynomia1s weighted with а two-center funct i on. It was found 
that the maximum density Pmax of nuc1eon1c jets rapid1y decreases 
with an increasing size of t he basis. An upper 11mit of fmax z 

4·1о-4 fm-J was found for the 1argest set of basis function conside­
red. It has been conc1uded that re1ative and Fermi motion are coup1ed 

weak1y . 
In the present paper we perform а numer1ca1-staЫ11ty study 

of •PEP production in one-d1mensiona1 s1ab co111si ons using а finite 
difference method.ln Sect.2 it is shown that "spurious" РЕР appear 1f 
numer1ca1 staЫ11ty is not yet reaohed. Seotion J oontains а вystema~ 
tio study of incident energy and mass dependence of "rea1" (i.e., 
numer1ca1ly staЫe) РЕР. Section 4 dea1s with а systematios of these 
resu1ts. А oomparison with corresponding data from more rea11stic 
TDНF studies is made. Тhis a11ows one to draw the oono1us1on that the 
Fermi-jet meohanism cannot Ье respons1Ыe for mo st of the energetio 
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nuc1eons seen in experiment. А smooth transition t o fragmentation 
is 1ndicated in Sects. J and 4. 

2. MODEL AND NUМERICAL МЕТНОD 

In this work а numerical iпvestigation of step size and Ьох 
1ength effects upon РЕР produotion is performed in the framework of а 
simp1e effective1y one-dimens1ona1 mode1 for s1ab co111s1ons / 12/ in 
which the (frozen) Fermi motion in tl1e d1rect1ons perpendicu1ar to 
the scattering ахiв is taken int o account. It is known that this s1ab 
geometry qua11tat1ve1y exhiЫts а11 esвent1a1 features of rea11stio 
TDНF ca1cu1ations inc1ud1ng fast part1c1e emission/12•13 •14/ • 
Furthermore, the rea1 dynamics of the fast partic1e emission should 
preferentia11y proceed in one dimension since they are kn,)~n t o appe­
ar 1n near-centra1 co11is1ons and to Ье emitted in for ward direct -
ions. Тherefore, for а study of the numer1ca1 staЫ11ty of РЕР as 
we11 as for some sem1-quantitat1ve oonc1us1ons (order-of-magnitude 
estimates) this mode1 shou1d Ье а reasonaЫe starting point. 

Тhе effective nuc1eon-nuc1eon interact i on is chosen to Ье а 
simp11fied Skyrme force 

t 
V(i\,~2 ) = (t

0 
+ ~ f ) d Ci\ - t 2) 

with t
0

=-1090 MeV fmJ and t 3=172BB MeV fm 6 and ~ being the 
one-body density 

N 

P(~ 1 t) е .f(z,t) = L an / ф n(z,t)/2. 
n•~ 

Тhе occupation numbers an are sma1ler than unity (but constant in 
time) due to the Fermi motion in transverse dir ections which is 
deooup1ed from the motion para1le1 to the z-axis and described Ьу 
p1ane waves. The TDНF . f ь2 о 2 
ih фn(z,t) ·-~ 

2m uz 

equations 

+ 2._t
8 

f(z,t)+_2 t 3 f
2(z,t)J 

4 16 
ф n(z,t) 

(1) 

(2) 

(J) 

for N s1ng1e-part1c1e wave functions фn(z,t) are so1ved numerica1-
1y. Initial conditions are oonstructed from stationary so1ut1ons 
of (J) Ъoosted together Ъу p1ane waveв (for deta11 s see 1121 ). 

Тhе numer1ca1 method used to so1ve (J) is а fin1te-ser1es ex­
pansi on o~the evo1ut1on operator with the mean-fie1d Нam11tonian 
h taken at ha1f time step 

ф n ( t + .1 t) ~ ехр [- ~ 6 t · h С t + ; .1 t ) J ф n ( t) 
(4) 

J 1 [ 1 1. JJ z 2: - - ·-Dt · h(t +-А t) ф n(t) 
j20 ji ь 2 
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whioh is eva1uated using а Нorner soheme. We found а тalue of J-4 to 
Ье suffioient to obtain staЫe results in any oa1cu1ation desoribed 
be1ow even for instants 1ong after the emission of РЕР. Тье spatial 
seoond derivative appearing in h is approximated Ьу the five-point 
finite differenoe expression. Тhе boundary oonditions are that the 
wave funotions Фn vanish in the first and 1ast pairs of grid 
points of the z-coordinate mesh (ref1eoting edges) . App1ying t he equa­
tion of oontinuity at time t the time step 6t for the fo11owing 
iteration is determined from the requirement that t he re1ative ohange 
of density a t any grid point shou1d not exoeed fper s ent. So ~t is 
not а oonstant during the oa1cu1ation. For а grid-point spaoing 
~z=0. 5 fm severa1 hundred time steps are typioa1 for the evo1ut i on 
in а time interva1 of the order of ttrans• In а11 oa1oulations that 
we have per formed а further deorease of 6t did not yie1d any signi-

' ficant 1nf1uenoe on the time evo1ution of the system. Тhе step in 
ooordinate spaoe ~z has been varied from 1 fm to 0.2 fm and the size 
of the numerioal Ъох L from 64 fm to 128 fm. In most oases numerioa1 
stab111ty oou1d Ъе reaohed for А%~ 0.5 fm and L ~ 80-120 fm (depen­
ding somewhat on the inoident energy and s1ab thioknesв). Norm and 
energy oonзervation have been proved to Ье fu1f11led even for the 
1argest step size z•1 fm to within 0.1f or 1еsз during the who1e 
evo1ut1on prooess. 

J. FROЫ SPURIOUS ТО REAL РЕР 

We start diзousзion with oo111sions of symmetrio thiok з1аЬе of 
s1ab thiokness ~=А2а2.0 fm-2 (oompare with the s1ab-mass taЬle in/121). 

For two different spat1a1 зtер sizes (i fm and o.s fm) the time 
evo1ution of the denзity prof11e for an inoident energy of (E/A)o.m. 
• 4 ЫеV is shown in Fig.1 in comparison with а free trans1ation of а 
sing1e slab with the same initia1 ve1oc1ty oa1ou1ated with 6z•1 fm. 
It is зееn that for Az21 fm fast PBP-11ke low-density oomponents 
emerge which are exact1y the same for the colliзion as we11 аз for the 
free trans1ation at t~50 fmjc. Тhus, we obvious1y are dea1ing with 
an effeot of numerical inaccuraoy аз а oonsequence of whioh matter is 
1eft behind the moving s1ab instead of being pushed through the oo111-
sion partner. After pasзing the turning point of the oo111sion both 
ourves natura1ly diverge exoept the density ripp1es on the right 
which, as we sha11 see, are oonneoted with the finite Ьох size (L=б4 
fm in the given case). If the grid-point зpaoing is only sl1ght1y 
decreased to 0.8 fm, this type of "spuriouз" РЕР 1mmediate1y disappearв, 
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Тhе time evo1ution of the nuclear density f(z) for the 
symmetrio ~=А2•2.0 fm-2 з1аЬ co111sion at (Е/А) •4 MeV in -L c.m. 
а numer1oa1 Ьох of L=б4 fm, for tJ. z•1 fm (dashed 11nes) and 
..6 z=0.8 fm (fu11 lines ) аз well а•< for а free tranзlation 
calcu1ated with ..6 z•l fm (dashed-dotted 11nев ) . 

and the "real" РЕР begin to emerge at t=80 fm/c comparaЪle with 
ttrans• Note that thiз jet of nucleonic matter is not seen at all for 
the 1arger val ue of А z. Wi th а further decrease of А z and а l arger 
value of L•lOO fm its зhаре becomes sta',J.e at about Az=0.4 fm and 
takeз the form shown in fig. 2 (fu11 line). With the ваше value of А z 
but in the smaller Ьох of fig.1 the r eal РЕР at times t > 80 fm/c get 
increasingly deformed (dashed line in fig.2) во that the density pro­
files seem to indicate а subs equent emission of s everal quite small in 
thickness (1-3 fm) nucleonic j ets with central densities rapidly in­
creasing with decreasing Ьох size and increasing with time. Тhе real 
jet, however, in its further time evolution becomes broader 
and broader and, correspondingly, decreases in its central 
density. In any case these diffraction-like deformations of 
the вtаЬlе jet shape emerge long before the essential part of the 

РЕР is ref1~cted Ьу the edgeв of the Ъох. It has been found that they 
Ъegin to develop at а typical time Тlhen the J> •10-5 fm-J density end 
of the jet reaohes the edge of the Ьох. Тhis 1з about 80 fm/c for 
L•64 fm in f1g.2 and 1'0 fm/o for L2100 fm (not seen in f1g.2). So, 
а c1ean зeparation of РЕР from the target can Ье reached only for 
suff1o1ently large L ( L ;!:. 100 fm in the given case) and sufficient­
ly small .Az( ~ 0.4 fm here). 
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Fig.2. Тhе time evol ution of t he sa­
me sys tem as i n f ig. 1 us i ng A7 =0. 4 fm, 
L=64 (dashed l ines ) and L=100 fm 
(full l ines). Only t he edge of the 
fragment in the right half of t he 
Ьох and the low- density t ail i s shown. 
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In the light of the above statements we suspect that the mult1-
p11c1t 1es of РЕР in the reali зtic cal cul ations of 19 •1 01 are to воmе 
extent overes t ima ted . In the se papers Ьох s i zes of L=J4 fm 191 and 
L=44 !m/10/ have been used. ТЬе oorresponding values of ь z, unfortu­
nately, are not explicitly given. On the other hand , we c1a1m t hat 
the rapid decreas e of nucleonic jets with increaвing number of basis 
functions f ound 1n116/ and their mul t 1-humped shapes, resemЬling 
those of our f1g . 1 , express nothing el se but the pr esenoe and s t ep Ьу 
s tep e1imi nat i on of spurious РЕР connected with t he specific method 

/ 16 1 . 
of • ProbaЬly , а further enlar gement of t heir basis woul d 1ead to 
staЬle РЕР. Нowever , it seems to us that the time-independent tvro-cen­
tered basi s used in 1161 is po ssiЬly very usefu1 if l ooking f or t he 
evoluti on of t t e t wo fragments on1y but quite unsuitaЬle and s1ow­
-oonvergent with respect t o fa s t 1ow-density obj ects emerging and 
propagating f ar from the two centerв . 

4. ENERGY AND MASS DEPENDENCE 

We t urn now to the di soussion of the inoid ent energy and slab­
t hioknes s dependenc e of РЕР emission. 

In f i g.J the t ime ev ol ution of t he dens ity pr ofi le of theA1=A2= 
= 2. 0 fm- 2 system i s shown f or an incident energy (E/A)c. m.=1 .5 MeV. 
The influence of the Ьох edges is r emoved Ьу choos i ng L=120 fm. 
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Fig.). The t ime evo1ution 
of р ( z) for the (E / A)c. m.= 
1.5 MeV, А1 =А2=2 . 0 f m- 2 
collision with L=120 f m, 
А z=0. 8 fm (dashed lines ) 
and А z=0 .5 fm (f ull lines ) 

) 

~ 

Note that in going from the prof iles calculated with A z=0. 8 fm t o 
t he numerically staЬle shape, r eached for А z=0. 5 f m, the centr al 
density f'max of the РЕР stil l s omewhat increases . Тhis is а вimilar 
situation as in fig.1 and opposite to the finding of / 16/ f or .increas­
i ng the basis. At thiв вmall energy the central density of the s epa­
rated jet amounts only to about jP max=2•1o-4 fm-3. 

For higher 1nc1dent energies fшах and oorrespondingly t he num­
Ъer of nucleons in the jet дА inoreaseв. lf in the case of (E/A) o.m. 
-4 MeV (f1g.2) f ~ l o-J fm-3 , for the (Е/А) • 8 MeV ool11s1on 

шах J J o.m. 
it amounts to about 4 · 1о- fm- • Тhе 1atter oase is 111ustrated in 

f1g.4. It iв intereвting from в everal pointв of view. Firвt it iв 
remarkaЬle that the nucleon j et has а very broad veloci t y diвtribu­
t i on and beginв t o вeparate into two components at about t=120 fm/ c. 
Тhiв can Ье seen from the very flat fall-off of the densi t y in f ront 
of the much вteeper one around t he small density maximum at z=26 fm. 
Since the further evolution of t he faвter jet component exhiЬiting 

а mean velocity of 1. 5 t imes the pr oj ectil e velocity v
0 

iв 

connected with а r apid br oadening in врас е , we could not 
achieve itв cl ean s eparation from the larger but slower 
component (moving wi th а mean veloeity of about v 0 ) in the 

giтen large Ьох of L•lJO fm Ъefore i ts shape Ъеооmев 1nor eas1ng1y 
deformed. So, we approximately determined i ts oharaot er1s t 1os ( 9max ' 
А А and mean те1ос1tу) Ъу substract i ng the extrapo1ated shape of the 
s1ower oomponent from t he tota1 shape at two instants (120 and 140 
fm/o) i n Ъoth савев f i nding near 1y the ваше estimateв. А qual1tat1ve­
ly s1m1lar resu1t of the appearance of а вmа11 faвt and а 1arger Ъut 
s1ower nucleonio jet ~ав a1so obtained in а rea11stio treatment of а 
near oentral 12с+197лu reaotion at (E/A)Laъ•JO MeV 1nc14ent energy / 1l { 

А second 1nterest1ng point in the evo1ut1on вhawn in Fig.4 is 
that at t ~90 tm/c а sma11 1ump of oentra1 nuclear density seemв 
to вeparate. Ноwетеr, at а later inвtant it is trapped Ьаоk Ъу the 
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F1g.4. Тhе time evo1ut1on of 
.fJ (z) for the (Е/А)с.ш. • 
-в MeV, А1•А2•2.0 rш-2 col-
11a1on w1 th L-1.30 tm, Az• 
•О. 4 tm. 



Fig.S, Тhе time 1 

evo1ution of.P (z) t•Wfm/c t•SOtm.t t•бOfm/c 

for the (E/A)o,m,= " 1trans. 

=15 MeV, А1=А2• <:>-; ю-1 
g2,0 tm-2 oo11ision~ 
wi th La64 1'nl, .1 za 01 

=0,8 fm (dashed 11- -с-2 

nes) and L=100 1'nl, 

Л z=O, 3 1'nl (fu11 li-
nes). ю-Э 
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ma1n fragments f1y1ng apart at th1s time, Тherefore, the (Е/А) • o.m. 
• 8 MeV oase for ~ • А2 • 2,0 rm-2 

t1ona1 Ъetween binary prooesses and 
Ъу fast nuc1eon em1ss1on. 

in some sense seems to Ъе transi-
fragmentation, both aooompanied 

То oonf1rm this, 1n f1g.~ the evo1ution of the oo111d1ng s1abs 
at (Е/А) m •15 MeV 1s shown. It oan Ъе seen that Ъes1des the quas1-o. • 
free fast jet oomponent beg1nning to emerge at about t=60 fm/o, 
Pmax•1o-3 fm-J ( no t yet separated 1n f1g,5) а muoh 1arger but s1ower 
jet mov1ng about v appears s1m11ar as 1n the prev1ous oase. Нow­

ever, th1s time 1t~ oentra1 dens1ty of a1ready about 0,04 rm-3 at 
t % ttrans grows up to near1y Р. • Тhus, we are deali ng with а frag­
mentation + РЕР em1ss1on process. То g1ve an 1mag1nat1on of the step 
and Ьох size effects at this high incident energy in fig.S calcula­
tions for Az=0.8 fm, L=64 1'nl and А z=O,J fm, L=100 1'nl (staЬle 

shape) are shown. Вoth kinds of spurious РЕР discussed above as we11 
as the appearance of the real РЕР only for а su1'ficient1y high accu­
racy are o1early seen, 

At а st111 h1gher 1no1dent energy of (E/A)o,m.= 25 MeV а further 
oalculat1on for the ~·А2•2,0 tm- 2 system hав Ъееn performed 1n а ve­
ry 1arge Ъох of L•200 fm and а вtер s1ze of 6z=O,J fm (f1g.6). Тhе 

time eтo1ut1on of the system was followed up to t•200 fm/o~7 • t t r !! 
In th1s case the f1rst fragment begins to grow out of а f# О, 05 fmf!!j 
1Ump appear1ng 1n front of the в1аЬs at about t-ttranв~ JO fm/ o simi­
lar as 1n the 15 UeV оаве. Ноwетеr, at this higher energy, aft er sepa­
rat1ng, 1t moтes w1th а те1ос1tу т1 ::=:. 1 .7 т0 , 1, е. , 1s near1y a s f a st 
ав the low-density f as t nuoleon jet (wh1oh 1s not seen 1n f1g,6) . Тhis 
oonf1rиs the result of / 12/ t hat after the onset of fragmentat1on of 
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Fig,6. Тhе time evo1ution of ~ (z) for the (Е/А) •25 MeV, ~-А2• 

2 
o.m, -L 

•2,0 rm- ool11s1on with L=200 fm, Az=O,J fm 1n а 11near · 
soale for the dens1ty. On1y part of the r1ght ha1f Ьох 1з 
shown. 

f urthe r 1norease of 1ncident energy 1s needed to get а 1ead1ng frag­
ment substantially faster than the projeoti1e. Тhе second fragment 
emerg1ng at about t•2 • ttrans has st111 а very high ve1oc1ty of 
v2•0.9 т0 , In the oourse of the oo111s1on prooess both slabs are to­
ta11y fragmented 1nto s1x fragments eaoh. Conoerning the fast nuoleo­
nio jet we estaЪ11shed that 1t beg1ns to appear at about t•60 fm/o 
1n front of the f1rst fragment. Due to the1r qu1te o1ose mean ve1oo1-
t1es the . jet does not rea11y separate from the fastest fragment 

1 
but quiok1y broadens 1n spaoe. So at t•120 fm/o ~4 · ttrans the oent-
ra1 jet dens1ty 1s fшах· 1.38 ·10-J fm-3 at pos1t1on z ~52 fm, 
while the minimum dens1ty Ъetween the fragment and the jet 1s ~m1n• 
• 1.19·10-J fm-J at pos1t1on z~8 tm. At th1s time, 1n а reg1on up 

to z=:70 fm, the jet density 1s 1arger than 10-4 fm-3• Later on the 
jet 1s me1t1ng away and start1ng to 1nteraot w1th the edges of the 
Ъох. 

То get an 1mpress1on of the mass (s1ab th1okness) dependenoe , 
ca1oulat1ons have been performed for ~·А2•0,75 fm-2 oo111s1ons at 
1no1dent energies (Е/А) •1.51 5110 MeV, Тhе oorrespond1ng dens1ty c.m. 
profiles at some typ1oal 1nstants are shown 1n l1g. 7. А oompar1son 
w1th prev1ous oases a t oomparaЪle energ1es 1nd1oates an 1norease of 
the РЕР 1ntens1ty w1t h А1 аз oould Ъе expeoted from phase spaoe 
cons1derat1ons. 0Ъv1 ous1y : for 11ght symmet r1oa1 ool11s i ons the on-
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set of fragment ation 11es 1ower in energy than for the heavy зузtеmз. 

In the given сазе a1ready the 5 MeV oo111sion 1еаdз to а зing1e 
faзt Cv1 z v

0
) fragnent on eaoh зide wh11e the remaining зуз t еm fu­

зеs. Natura11y the number of fragmentз iз зma11er for the 1ight зys­
tems than for heavy оnез. 

Аз а typica1 oase for asymmetrio s1ab oo11isionз we have ohosen 
the А1 ~О.75 fm-2, А2•1.55 fm-2, (E/A)Lab~ . 5 MeV system. Тhiз examp1e 
to some extent is our one-dimens1ona1 ana1og of the 16o+9JNЪ reaot­
ion at ЕLаъ=204 MeV (investigated in 19 •10/) with reзpeot to the 
s1ab diameter аз we11 as the energy per nuo1eon above the Сои1оmЪ 
Ъarrier (Vc=O in our ca1cu1ations). Fig.8. shows the density profi1es 
at oontaot time (t~O) and at t=120 fm/o when on Ъoth зides fast nuo-
1eonio jets Ъegin to separate. Тhе ratio of the number of fast nuo1eons 

originating from the proj ecti1e to those coming from the target 
amounts to АА1 :АА2 = ).4. 

5. SYSTEMATICS AND CONCLUSIONS 

We return now to the disouзsion of the oontradiotor11y resu1tз 
/9 10/ /15/ of ' and oonoerning the РЕР intensity, i.e. , the question 

to what extent а · supposed direot ooup11ng Ъetween Fermi and re1ative 
/7 8/ motion ' is weakened in а TDНF evo1ut ion. For this aim in figs. 

9 and 10 the oentra1 density f max of :othe nuo1eonio jet and the 

number of nuo1eons in the jet divided Ъу the mass number of the do­
nor fragment ~А/А are p1otted agaist the inoident energy per nuc-
1eon above the Cau1omb Ъarrier (Е - VC)/~ (for Vc=O, аз in our a.m. 2 
сазе, this quantity iз equal to (Е/А )Labz (Е/А) (А +At ) /(А At) 

р a.m. р р 

with р and t standing for projeot11e and target, oorresponding1y, and 
f or our symmetrio в1аЬ oo11iзions it is s1mp1y 4(Е/А) m ). Al1 в1аЬ 

о •• 
collisions deзoribed above аз well as resultз of more rea1iзt1o TDНF 
зtudies / 9 •10•11 •151 are inoluded. 

Везidез а genera1 near1y 1inear inoreaзe of f max and А А/ А wi th 
increaзing energy an А dependeno e зtronger than .6 А ""'А oan Ъе deduoed 
f rom }'ig.10 (comp., е . g., оrоззе s and stars). Sinae in а s1mp1e Fer­
mi gas picture~161, for mass symmetric ool1is1ons at а fixed re1ative 
velocity, the re1ative amount ~А/А of nuoleons fulfilling the escape 
aondi tion shou1d Ъе aonstant for varying А, one can oono1ude that 
the ooup11ng between Fermi and relative motion in а ТDНF evolution 
becomes the weaker the smaller the system is. А similar conolusion 
aan also Ъе drawn from oomparing the r:L + ~ with the 16о+1 6 о re­
sults for р /15/ sinoe this quantity Ъehave s similar to А А/А. 

max 

ll 



When looking for the asymmetrio ~·0.75 tm-2, А2•1.55 fm-2 slab 
oollision it 1s seen that the amount 6 А/А of РЕР or1ginating from 
the l1ght projeot1le iв substantially higher (Ъу а faotor of about 4) 
than it would Ъе 1n the oorresponding light symmetrio ~·А2•О.75 fm-2 

syвtem at the same inoident energy. Тh1s, to воmе extent, oan Ъе 
exp1a1ned Ьу the faot that 1n the asymmetrio ooll1вion а larger 
amount of the inoident energy iв ата11аЪ1е for re1atiтe motion, 1.е., 

due to the energy dependenoe stated аЬоте а larger тalue of АА/А 
resUlts. Б,у similar argumentв it Ьеоошеs olear that the РЕР from the 
hеату target are soшewhat вuppressed ooшpared to the .:1 А/ А тalue for 
~·А2•1.55 fm-2 oollisions at the same 1ncident energy (not вhown 
here Ъut presumaЪly 1ying in Ъetween the таluев for the two inтesti­
gated вymmetrio вузtеmв). 

Due to this aвymmetry effeot it вееmз to Ъе eтident that the 
тalue of .f' for а 12с+12с coll1sion 1n а real1вtio ТDШ' oa1cula-max 
tion would Ъе зubstantially зmaller than that of the quasifree nucle-
on1c jet 1n the 12с+197лu reaction /ll/ at the same incident energy 
per nucleon. Тherefore, since the diameter of the А•О.75 fm- 2 slab 
is close to that of а 12с nucleus, from а coшparison with the тalues 
of Pmax for our 11ght symmetric systeш, it follows that 1n real1в­
tio ТDНF caloulations 1ess РЕР emerge than in the correвponding one-

~i .. 
~· 

ю· ' 

ю · ' 

ю · ' 

,.., 
' 

1 

т • Q 

о)' 

•1' 

1•1 

о т 

J Fig.9. Тhе central density jР шах of the fast 
nucleonic jet for several collisions plotted 
against the center-of-mass energy per nucleon 
above the Coulomb barrier: Х- вymmetric А1 = 
= л2 с 2.0 fm- 2 slab collision (present work), 
~- symmetric А 1 = А2 = 0.75 fm- 2 slab colli­
sion (present work), ~ , ~- nucleonic jet 

, originating froш the ~~ = 0.75 fш-2 projectile, 
~~ • • • ... ~. • 1 from the А2 = 1. 55 fш target in the asymmetric 

~·;'•, ..,. , slab collision shown in Fig.8, • - central!III(.-+IIC. 
collisions 1151, CJ - central 16о + 16о colli- · 

sions 1151, О- near central (L = 12fi-) 12с + 197Au collision 111 1, 
е - 16о + 9JNЪ collision (L = О) (the region "1-2% of the central 

nuclear density" quoted in 191 is indicated Ьу two corresponding 
marks) • .J, he.s the meaning "upper limit". In two cases besides the 
point for the РЕР а second one of the вате kind (marked ••• )1) is 
plotted which corresponds to а second jet with velocity v2:E,v0 • Тhе 
point in brackets results from f1g.4 Ьу extrapolation (see text to 
fig.4). The vertical dashed line marks that energy above which sub­
stantional amounts of fast particles have been seen in experiшent 121. 
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-dimensiona1 evolution. Тhis, in turn, is in agreement with the вta­
t.ement of 115/ that their va1ues of .f' шах are only upper 11mit8. 

If во, the resu1ts of 19 •101 for the 16о+93Nь reaction are вuЪ­
stantia1ly overestiшated, sinoe they predict етеn more РЕР than in 
our oorresponding one-diшensional s1ab oo111вion Ъу near1y an order of 
magnitude (see Ъoth figs.9 and 10). tossiЪle reaons for th1s have Ъееn 

disoussed in Sect.J. 
Неnсе, our шain result of the present iпvestigation is that the 

Fermi to relative motion coup11ng in а TDНF evo1ution is rea11y very 
weak. То give an i mpression of the degree of weakening this ooup11ng 
in TDНF for the 16О+93Nъ system the resu1t cf а simp1e Fermi gas 
estimate assuming 1dea1 вtrong ccup11ng (for deta11s see 1

161
) is 

ino1uded in fig.10. Тhis ourve is not norma11zed as it has Ъееn done 
in /9,10,11/ , 

Аз indioated in Sect.4 the transition to fragmentation proceeds 
in а quite smooth way. For the ~·А2•2.0 fm~2 з1аЪ co111sion this is 
111ustrated in fig.10. Тhе 1ower Ъranch of the 11ne connecting the 
oa1cu1ated points to guide the еуе corresponds to the quasi-free jet 
(РЕР) w1 th v ~ v ..-v:r • АЪоvе (Е/ А) ~ 5 Ме V а second 1ow-dens1 ty 

о o.m. 
nuo1eonio jet with v:s v

0 
emerge whioh in its further evo1ut 1on 

Ъroadens and decreases in f' шах as the quasi-free jet does, since 
there is no Ыnding at such 1ow densities. Our (E/A) 0 .m.•8 MeV 
(Е /~ •J2 MeV) case, resemЪ11ng the resu1t of /11/ (see f1g.9), 

o.m. 
is typica1 for suoh а situati on and gives а point on the second 

~ 
" 

.,-' 

.,., 

.,., 
1• • 
1 

Fig.10. Тhе number of nucleons in the jet 
divided Ьу the number of nucleons in the 
donor nucleus 1::> А/А as а function of inci­
dent energy. Тhе marks he.ve the same 
meaning аз in fig.9. Тhе additional series 
of points is for central 16о + 9Jпь co111-
sions and taken from 1101. Since no 
precise values ~А/А are given in 1151, 
only а he.tched region is shown defined Ьу 

,...~ ., 1 rw; ··w41 ~· 1 the energy range considered in / 15 / and Ьу 
~,_, -4 " an upper 1imit of А А/А .. 2.5•10 quoted 

therein. For the 12с + 197 Au reaotion no value of Д А/А could Ье 
deduced from 111 1. For А1 = л2 = 2.0 fm-2 slab col1isions all jets 
and fragшents exhibiting velocities v> 0.9 vare included.Тhe thick 
full line is а simple Fermi gas esti~e for the 

16о + 9Jпь system. 
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Ъranoh of the 11ne in f 1g.10. At some higher ener gy this second jet 
deve1opes 1nto а :t'irst fra~ent of st111 v ~ v • Above (Е/ А) m = 

о с •• 
= 15 MeV а second fragment (third branch) with v 2 ::;v

0 
appears and 

the first one acquires а velocity close to the mean РЕР veloci~y 
(oompare our (Е/А) • 25 MeV oollisi on). It is interesting to men-c.m. 
tion that а for~~1 extrapo1ation to st111 higher energies comes o1ose 
to the Fermi gas estimate, 1.е., а11 fragments wou1d have ve1ocities 
o1ose to or 1arger than v

0
• 

Sinoe residua1 two-body iпteractions, not 1no1uded in standard 
TDНF, are expected to have an 1ncreasing 1nf1uence on the dynamics 
of the co111sion process, our resu1ts concerning fragmentation sure-
1y are of minor phys1ca1 re1evance. 

On the basis o:t' our resu1t that а ТDНF evo1ut1on should exh1Ыt 
substant1a11y 1ess РЕР than predioted in/9 •101 in semi-quantitative 
agreement wi th exper1menta1 data, we conc1ude that the Fermi-jet me­
chanism is not respons1Ыe for most of the fast part1o1es emerging 
in heavy-ion co111s1ons. Hence, in any case, two-body corre1at1ons 
have to Ъе taken into account. Certa1n1y short-range nuc1eon-nuc1eon 
interact ions, for which some k1nemat1ca11y a11owed f i na1 states are 
no 1onger Ъlocked Ьу the Pau11 pr1nc i p1e, can р1ау an essent1a1 ro1e 
in this connection / 14 •17/ • Long-range res1du~1 1nteractions 1:1', as 
usua11y, treated in the Markov approximation d:ri ve the system towards 
therma1 equi11Ъrium and shou1d, in turn, :t'urther decrease the РЕР me­
ohanism. In this oonnection investigations o:t' coherent mu1tipartic1e 
phenomena caused Ъу the residua1 interaction would Ъе of great in­
terest. 

А f1na1 remark concerns the аЬ111tу of TDНF to exp1ain even 
that sma11 fraction of energetic nuc1eons which possiЪly under11es 
the РЕР me chanism. It is knovtn/141 that addi t1ona1 high-111omentum com­
ponents appear in а TDНF evo1ution, which are generated Ъу .the mot i on 
of the surfaces of the mean fie1d. Тhе 1atter is determined Ъу t!Je 
effective nuc1eon-nuc1eon force which 1tse1f is on1y adopted for bu1k 
properties of static nuc1e1 and nuc1ear- matter. То the extent to which 
this type of high-rnomentum components form the РЕР and to whioh а 
(st111 unknonw) effeotive nuc1eon-nuc1eon force t o Ъе used in dynamic 
oa1cu1ations at high excitations differs from, say , the s tandard ~kyrme 
forces 1 these РЕР cou1d Ъе basica11y spurious even in а numer i ca1 
staЪle ca1cu1a t1on. 

ТЬе author is gratefu1 to J.A.Мaruhn for k1nd1y providing him 

with а one-d:_mens1ona1 TDНF computer code which was on1y s11ght1y 
modified to perform the ca1cu1at1ons presented in this paper. А u sefu1 
discussion on numer1ca1 deta11s is a1so acknow1edged. 
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