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1. Introduction 

Nuclear beams with energits between 10 and 200 MeV per cucleon are 

now becoming available at several laboratories arcund the world. This 

development opens up the gate to a v i r t ua l l y virgin field of physics 

which might be called intermediate-energy nuclear physics. Nuclear 

co l l i s ions induced by such beams create a unique environment in which 

a number of novel phenomena are likely to occur. The exploration of 

this field will therefore undoubtedly prove a very rewarding venture. 

In my contribution to th i s Symposium I wish to limit myself to 

nuclear col l i s ions where the bombarding energy per nucleon is up to 

the order of the Fermi kinet ic energy. The discussion wi l l be 

*This work was supported by the Nuclear Science Division of the U. S. 
Department of Energy under contract No. W-7405-ENG-4S. 
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qual i ta t ive rather Chan quant i ta t ive , with the emphasis on the basic 

physics of the s i tua t ion . Although part of what I will present has 

the character of speculation, so far unsupported by experiment or e l a 

borate calculat ions, I hope that i t wil l provide some stimulation for 

theor is t s as well as experimentalists. 

2. The energy ladder 

Let me s tar t out by trying to put the energy region considered 

into the proper perspective in re la t ion to other energy regions of 

nucI ear physics. As the energy of the nuclear beams is s teadily 

raised, a number of important thresholds are being passed. In the low 

end of the energy scale, where the charac te r i s t i c energies are of the 

order of a few MeV, the fine de ta i l s of che nuclear structure can be 

studied; this is the domain of nuclear spectroscopy. With increasing 

energy the individual quantum s ta tes lose their significance and the 

detailed structure of the in t r ins ic nuclear system largely dissolves. 

when the energy has resched a few MeV per nucleon we are in the 

domain of strongly damped, or deep ine l a s t i c , co l l i s ions . In this 

regime, where the excitat ion per r.ucleon is s t i l l small in comparison 

with the in t r in s i c s ingle-par t ic le energies, the important degrees of 

freedom are a few macroscopic variables , par t icu lar ly those associated 

with the nuclear surface. Since the macroscopic ve loc i t i e s are small 

in comparison with typical in t r ins ic speeds the communication of d i s 

turbances is rather fast and the corresponding macroscopic equations 

of motion are approximately local in time. The coupling of the macro

scopic degrees of freedom to the s t ructureless in t r in s i c reservoir 
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damps Che macroscopic motion and is a source of dynamical f luctuations 

in these var iables . 

This s i tuat ion will gradually change when the energy is raised 

further. When the macroscopic ve loc i t ies are no longer small in 

comparison with the i n t r i n s i c speeds the in t r ins ic communication will 

require a non-negligible time and the retardation terms must be 

retained in the equations of motion. At the same time, inhotno-

geneit ies are likely to otc ,ir in the nuclear in te r ior and additional 

degrees of freedom are activated. 

An important threshold is probably reached v't.en the exci ta t ior. 

energy is of the sane size as the nuclear binding energy. The nuclear 

system has then largely lost i t s cohesiveness and multifragmentation 

becomes increasingly dominant. 

When the excitat ion energy per nucleon increas :̂  above the Fermi 

kinet ic energy the quantal riature of the nuc1eons is expected to be

come less important and c lass ical models gain increasing applica

b i l i t y . At the same t ime, the one-body mean field gives way to di rec t 

two-body col l is ions as the main governor of the nucleonic mot ion. 

At s t i l l higher energies i t becomes possible to produce pions by 

d irec t nuc1eon-nucleon col1 is i ons and we then enter into the meson ic 

regime. The basic microscopic degrees of freedom are now no longer 

conserved during the col l i s ion process. 

The r e i a t i v i s t i c regime is reached when the kinet ic energies are 

of the same order as the rest .uasses of the par t ic ipat ing baryons. Ic 

is then possible to excite Che in t r ins ic s ta tes of the baryon and the 

ent i re field merges more and mere with elementary-particle physics. 
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One is presently contemplating nuclear beams with energies which 

are large in comparison with the rest masses. Tnis regime of u l t r a -

r e l a t i v i s t i c nuclear physics is s t i l l unexplored. There are 

speculations that sufficiently far into th is domain the hadrons may 

"melt" and l iberate their in t r ins ic const i tuents . They might then 

form an extended system of quark matter. The production of such an 

environment would clearly have a profound bearing on our fundamental 

understanding of nature. 

3. The mean free path 

The nucleons are fernions. This generally reduces the s ta tes 

accessible in a col l is ion process. At densi t ies and exci tat ions typ i 

cal of co l l i s ions with E/A =* T th is effect cay appreciably inhibi t 

the occurence of direct nucleon-nucleon col l i sons . This is well known 

from the lower end of the energy scale where the action of the ex

clusion principle largely eliminates two-body co l l i s ions , leaving the 

one-body mean field as the dominant governor of the nucleonic motion. 

Since the choice of approximations is very dependent on the nucleon 

mean free path it would be useful to obtain a semi-quantitative e s t i 

mate of this quantity over a broad rcnge of s i tua t ions . We have made 

such an attempt, as will be described in the following. 

Consider a uniform system of nuclear matter with a given temper

ature T. The distr ibution of nucleons in momentum space is then given 

by 



P(p*) = (1 + e - te -EF^ 1 ) - 1 (1) 

as a consequence of the Fermi-Dirac s ta t i s t ics . Here E is the energy 

of the nucleon and c is the Fermi energy. We now imagine that a 
- * • - » • 

nucleon with momentum p - mv is moving through the system. Its 
o o 

motion will be degraded as a consequence of two-body collisions with 

the nucleons in the medium. If there were no Pauli blocking of the 

final states, the collision rate of the intruder nucleon would be 

given by 

V » £ - / " 4 «P> » ,CL_ • (2) o X / , 3 r rel NN o J h 

where A is the corresponding mean free path. Here a is the 

collision cross section for two nucleons in free space with the same 

kinfraatical conditions and , is their relative speed. 
rel r 

However, the probability that a given final momentum p' is avail

able is reduced by the factor f(p') ~ I - f(p*'). Therefore, the 

actual collision rate is rather 



where do /dQ' is the diffferential collision cross section for the 
NN 

p r o c e s s Jp pJ-^Jp p '> • 

The occurrence of the b lock ing f a c t o r s in the c o l l i s i o n i n t e g r a l 

g i v e s r i s e to a r e d u c t i o n in the a c t u a l c o l l i s i o n r a t e and a c o r r e 

sponding i n c r e a s e of the mean free pa th between c o l l i s i o n s . The exac t 

s i z e of t h i s e f f e c t depends of course on the v a r i a t i o n of do /d i ) ' 

wi th angle and energy as well as on che d i s t r i b u t i o n of nuc leons i n 

the med ium. An approximate i n d i c a t i o n of the e f f e e t can be ob ta ined 

by a ssuming t h a t the f r ee nuc leon-nuc leon c o l l i s i o n s a re i s o t r o p i c and 

en^ rgv - independen t . The mean f r e e p a t h i s then i n c r e a s e d by t h e f a c t o r 

/dpfCp) v . / d i V f < p ' ) f ( p ' ) r r r e l r o r 

hrj dpf(jJ) v I dl? r r re l 
(A) 

We have c a l c u l a t e d t h i s f a c to r as a funct ion of the t empera ture 7 

of the medium and for d i f f e r e n t v a l u e s of the i n c i d e n t energy T of 

the i n t r u d e r nuc leon . The r e s u l t i s shown in F ig . 1. In g e n e r a l n 

d e c r e a s e s when e i t h e r 7 or T i s i n c r e a s e d . I t i s noteworthy t h a t 
o J 

even at r a t h e r l a r g e va lues of these two pa ramete r s *1 remains a p p r e c i 

ab ly above uniLy. For example, for a p a r t i c l e i n the Fermi su r f ace 
(T = T ) we find n = 10 even a t a t empera tu re of T = 10 MeV, and o r 

a t T = 2T (which would correspond to a p h y s i c a l approach energy 

o f l = T - T - B * 30 MeV) we s t i l l find an n - v a l u e of 
beam o F 

around 3 . Since X Q would be around 2 fin we expec t the a c t u a l mean 

f ree path X = r\X to remain a t l e a s t of the order of the n u c l e a r o 

r a d i u s in the domain c o n s i d e r e d . The f i g u r e i s u s e f u l for ga in ing a 
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quick impression of the blocking effect in a given situation. The 

calculated result suggests that the exclusion principle remains effec

tive even at rather large temperatures and energies. The nucleons 

should therefore not be treated as c l a ss ica l p a r t i c l e s . 

4. Nuclear dynamics at moderate excitation 

When the exci tat ion energy per nucleon is small in comparison with 

the in t r ins ic kinetic energies the dynamics of the nuclear system can 

be discussed in terms of a few macroscopic degrees of freedom 0, such 

as those associated with the shape. The remaining degrees of freedom 

play a rather passive role and may be described s t a t i s t i c a l l y in terms 

of a temperature T . The temporal evolution of the macroscopic var

iables in governed by the Lagrange-Rayleigh equations of motion, 

!_ M. _ K = 1? (5) 

where £ is the macroscopic lagrangian and * is the Rayleigh diss ipa

tion function governing the damping of the macroscopic motion due to 

the coupling to the in t r ins ic system. We have reason to expect that 

this damping is re la t ive ly strong, possibly dominant. This expec

tation can be easily argued for in the low-energy limit where the 

nucleon mean free path is long. However, i t is worth noting that at 

higher energies where direct two-body cDtlisions are frequent i t is 

s t i l l to be expected that the nucleon dynamics is strongly damped. 

Because the macroscopic variables are coupled to the i n t r i n s i c 

thermal rystem their dynamical evolution is not deterministic but 
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stochastic. A dynamical equation of the above type can therefore only 

be expected to describe a mean trajectory in the macroscopic coordi

nate space. The s ta t i s t i ca l fluctuations inherent in the thermal 

reservoir wi l l given rise to stochastic excursions away from the mean 

trajectory. It is therefore necessary to deal with the probability 

distribution P(£; ) . The dynamics can then be discussed within the 

framework of transport theory. In the simplest Fokker-Planck approxi

mation the equation of motion takes on the form 

5 2 
— P = - . a - V P + -H— D P (6) 

^ it 
Here V is the dr i f t coefficient vector which governs the average 

rao"ion of the centroid and D is the diffusion coefficient tensor which 

determines the accumulated dispersions in the macroscopic variables. 

It is these transport coefficients that characterize the dynamical 

properties of the nuclear system. 

Let us now spec i a l i ze to the col l is ion of two nuc ie i A and B. 

When suff icient ly close they may communicate by way of transferring 

nuc leons. This mechanism appears to be an impot Cant, if not dominant, 

agency for the dissipat ion of the re la t ive motion in the rather well-

studied low-energy co l l i s ions . The transfer of an individual nucleon 

creates a part ic le-hole type excitat ion of the in t r ins ic nuclear 

system. I t can be shown that the energy of this excition amounts to 

approximately LJ = F - If* p for a transfer from B to A. rlere 

F = £ - e. is the difference between the Fermi levels in the two 
B A 



9 

nuclei ; i t provides the s t a t i c driving force for par t i c le t ransfer . 

Furthermore, U = u\ - U„ is the re la t ive veloci ty of the two A B 
nuclear regions between which the transfer takes place. Final ly , 

p = _ ni(v + v ) where v is the velocity of the nucleon 

re la t ive to A and v , is i t s velocity r e l a t ive to B. Since i t is the 
b 

nucleons in the Fermi surface which are most readily transferred (due 

to the exclusion principle) we have p = P and the second terra U-p 
1 2 can be appreciable. (For example, if — mU - 2 MeV we have 

UP„ * 16 MeV and if i mU2 = 8 MeV we have UP„ = 32 MeV. ) F 2 F 

It is therefore clear that the transfer of nucleons can be very 

e ffec tive in damping the re la t ive nuclear mot ion. 

I t is possible to derive a transport theory for nuclear co l l i s ions 
? 

on the basis of the nucleon-transfer mechanism. - The general ex
pressions for the transport coefficients entering into the Fokker-
Planck equation (6) are given by 

f* (p) f B (?) - f^C?) f3(p)j (?) 

jAfB + £A rB ^(p)C 2(p) (7) 

if the transfer.'; occur over a plane contact surface of area a. The 

transfer rate is taken to be proportional to v , the velocity com-
n 

ponent normal to the contact surface, as suggested by classical con

siderations. The dinuclear macroscopic variables £ include the proton 

and neutron numbers of the two nucleides, their relative separation 
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and (radial and angular) momentum, the i r in t r ins ic angular momenta, 

and their in t r ins ic exci tat ion. In the derivation of the above t rans

port coefficients i t is an essent ia l assumption that the excitons 

created by the individual nucleon transfers are quickly dissipated 

into more complicated excitat ions so that the in t r ins ic nucleonic 

system remains in quasi-equilibrium throughout the co l l i s ion ; on 

grounds o£ the re la t ively long mean free path i t is also assumed that 

the inter ior of the nucleus remains homogeneous. At re la t ive ly low 

energies, these assumptions are rather well j u s t i f i ed . The theory 

then ir.akes a number of general predictions about the correlat ions 

between the various observabies. 

But as the energy is raised those assumptions are expected to 

break down. The tac i t assumption that the transferred nucleon is 

absorbed by i t s new host nucleus need no longer be generally val id; in 

the next section we shall discuss the p o s s i t i i i t y that transferred 

xrcz leons under favorable circumstances =.ay be rejected promptly from 

L.IG cinuclear complex. Furthermore, with rhe faster macroscopic 

ir.ot ion the microscopic re 1 axation process can no longer be considered 

.is instantaneous and the dynamical description in terms of time-loca 1 

macroscopic equations of motion becomes dubious. By the same token 

the assumption of a quasi-equilibrated in t r ins ic system grows in

creasingly inadequate and one needs to include additional degrees of 

freedom describing inhomogeneities in the nuclear in t e r io r . 
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5. Promptly emitted particles 

As mentioned earlier, it i» usually a tacit assumption that a 

transferred mi'.leon i'i quickly assiai lated in i ts rev host . However, 

am* th is n par t icular ly true at higher bombarding energies, the equi

l ibra t ion process may be aborted before completion, leading to the 

prompt emission of one or sev ra l p a r t i c l e s . Such prompt e j ec t i l e s 

may teach us about the non-equilibrium propert ies of nuclei , and in 

par t icu lar , carry information on the early col List or. s tage. I t is 

therefore important to study in no.e detai l the further Eate of Che 

transferred nucleons. 

5.1 "ermi j e t s 

The pa.'t icle-hole excitaricn cr-Cattd by ;;ie transfer of a nucleon 

has a very special s t ruc ture : i t consists o: a ^c\* left behind in the 

down nucleus A, say, and a par t i c le moving throi.gr. the recipient 

nucleus B. The velocity of l i e intruder nuc^eor. follows from the 

kinematics of the si tuatior., 

v, = v + U (6) 
b a 

Here v is the velocity of the nucleon as seen fron A and v, i t s a b 

velocity as seen from B; U is the velocity of A re la t ive to B. 

At moderately low excitanion the intruder nucleon will proceed 

re la t ive ly uninhibited by two-body co l l i s ions , due to the action of 

the exclusion pr inciple . I t is then the bouncing around of the 

nucleon in the one-body nuclear container which provides the mecha i 

http://throi.gr
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for bringing the nucleon into equilibrium with the other nucleons. 

However, under special kinematical circumstances the nuclear poten

t i a l , which has only a f in i te height, wil l not be able to ref lect the 

nucleon which may thus escape. One may appreciate that such a process 

is indeed energetically possible by recal l ing that the kinet ic energy 

of the intruder nucleon, as seen from the host nucleus, is boosted by 

an amount which is of the order of UP„. Therefore, when the r e l a 

tive radial nuclear velocity is suff ic ient ly large, a transferred 

nucieon may be transmitted right across the recipient nucleus ana 

emerge on the opposite side as ?n enjigetic e j e c t i l e . Since th i s 

phenomenon is a consequence of the kineraatical coupling of the r e l a 

tive nuclear motion and the in t r in s i c nucleonic Fermi motion i t has 

been called a "Fermi j e t " , although only one or a few nucleons can be 

ejected in a given col l i s ion . The Fermi j e t s form a subclass of 

Promptly Emitted Par t ic les (so called PEPs) which refer to a l l l ight 

par t ic les emitted at the early stage of a nuclear co l l i s ion , whatever 

may bo the ir produc tion mechanism. 

The Fermi-jet nucl»ons appear in a rather well-collimated angular 

region on the sides opposite to the interac tion zone between the two 

nucle i . As time progresses, the dinuclear complex swings around and 

the re la t ive motion is gradually degraded. The j e t s therefore appear 

in a narrow band in angle-energy space, a feature which should help in 

identifying the phenomenon experimentally. An extensive theore t ica l 

study of the FerTii jet mechanism has been carried out by Robel. An 
4 5 

independent investigation has been made by Bondorf et al. 
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5.2 Two-body col l i s ions 

Although fa i r ly long, the nucleon mean free path can not be 

considered as i n f i n : t e . In fact , in typical s i tua t ions i t i s known to 

be of the same order as the nuclear s ize . This fact has an impact on 

the Fermi j e t s since the transmission of the transferred nucleons is 

thus obscurred. On-* may attempt to take account of this effect by 

assuming that the degradation of the nucleonic motion is dominantly 

due to two-body co l l i s ions . At the end of i t s free path the nucleon 

then coll ides with anothei one from the host nucleus, resul t ing in the 

creation of two quasi-fret nucleons. Each of these may now propagate 

onward and possibly escape '*Wen reaching the surface. Such secondary 

e j ec t i l e s have been called 1wo-body PEP 5 as opposed t"» the one-body 

Fermi-jet PEPs discussed above. The angular d is t r ibut ion of the 

two-body PEPs will be d i s t inc t ly different from that of the one-body 

PEPs: they are in general aimed more sidewards than the predominantly 

forward-backward directed Fermi j e t s . This charac ter i s t ics is the 

combined effect of the geometrical features of the d is t r ibut ion of the 

nucleonSj in coordinate and momentum space. 

As an i l l u s t r a t ion we show in Fig. 2 the calculated dis t r ibut ion 
12 of promptly emitted neutrons from the col l is ion of 152 MeV C with 

158 5 

Gd. One-body as well as two-body PEPs have been included; the 

to ta l contribution of the two-body PEPs is around 302. The bunp 

around 0 * 110 appearing at E =11 MeV resul ts almost 

exclusively from the backward PEPs ( i . e . , those originating in the 

target and transmitted through the p ro jec t i l e , in the direct ion 



opposite to the beam di rec t ion) . The theoret ical calculation is based 

on a s t a t i s - t i c a l (Monte Carlo) method in which the fate of many 

individual nucleons are followed while the dinucleus evolves along an 

average dynamical trajectory (determined from an equation of the form 

(4) ) . 

As the energy is increased, the two-body col l is ions will grow 

increasingly dominant and the Fermi-jet nucieons will give way to 

r.uc I eon? whi ;h ar^ emitted after one or several co l l i s ions . The r e l a -

:;ve importance of the one- and two-body PEPs is i l l u s t r a t ed in Fig. 3 

for tiio C + Gd case. 

5.3 Hot spots? 

When the nucleon mean free path /. is of the order of the nuclear 

raii: 'i - P nddi tional degrees of freedom ar* ac t ivated ana the nuclear 

interior no longer remains homogeneous. A.though the general ex

pressions for the transfer of energy and momentum may s t i l l hold, i t 

is now necessary to also consider the dynamics of the subsequent 

deposition of these quan t i t i e s . 

When A * R there is a large probabil i ty than an intruder nucieon 

will suffer i t s f i rs t col l is ion in the front part of the recipient 

nucleus. If the flux of intruders is sufficiently high in comparison 

with the rate at which the local exci tat ion resul t ing from the two-

body col l is ion is being disperse1 the subsequent intruders will en

counter an extra hot zone upon entering. Since the local mean free 

path is then diminished, they are therefore more l ikely to suffer an 

early co l l i s ion . We are thus dealing with a self-amplifying process 
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by which the deposition of the intruders' energy in the front part of 

the host will produce an intransparent region: there will be a sudden 

phase transition where a relativcly cold and transparent medium 

locally develops a hot and opaque zone. A. hot spot has been formed. 

Whether such a phenomenon will indeed occur is still an open 

question. After ha/ing indicated, the nain line of argument in favor 

of it I would like :o add a few words to the contrary: Although sub

stantially reduced, the mean fre« path is still quite long, even at 

fairly high temperatures, if Fig. 1 can be trusted. Since one can 

hardly speak of a thermalized region with a size less than one mean 

free path the term "spot" appears somewh.it misleading since it would 

occupy a sizable fraction of the nucIear volume. The size of possible 

temperature gradients occurring in the system is there fore severely 

limited and one ought to be very cautious about applying ordinary 

thermal-conduction theory. 

6. Multifragroentation 

When the beam energy per nucleon is of the same order as the Fermi 

kinetic energy the energy available for intrinsic excitation is com

parable to the total nuclear binding energy. Hence, in principle, it 

would be energetically possible to totally dissemble the colliding 

nuclei into their nucleon constituents. 

In sui. a situation the character of the nuclear system is pro

foundly altered. Rather than dealing with a dynamical situation 

dominated by two large nucleides, we are now faced with a competition 

between a large number of widely different fragmentations. 

http://somewh.it
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In the ordinary approach to nuclear dyanaraics the system con

sidered is described in terms of a re la t ive ly small number of mac ro 

scopic degrees of freedom; in the exi t channel these degrees of 

freedom describe a definite number of fragments, in various s ta tes of 

in t r ins ic exci ta t ion. Within such a framework we are now in the novel 

s i tuat ion that the number of macroscopic variables to be dealt with is 

no longer an approximately conserved quanti ty. Quite to the contrary, 

macrosropic degrees of freedom can be created and destroyed in the 

course of the dynamical evolution as the system fluctuates back and 

forth between i t s different accessible fragmentations, ranging from a 

few hot or fast to many cold and slow fragments. 

The theoret ical methods presently in use for nucle.-r dynamics are 

inadequate for t reat ing such a more complex phenomenon and there is a 

clear need for substantial formal development before a dynamical 

theory of such processes can be formulated. 

Mulcifragmentation processes have already been observed experi

mentally. As an example Fig. 4 shows the result of 91 MeV/n C co l l i d 

ing with a Ag nucleus. A large number of fragments are ejected. 

E fforts are presently underway to pursue the study of th is type of 

col l i s ion in a forthcoming experiment at CERN. Recently i t has become 

possible to study multifragmentation processes at lower energies by 

the novel streamer chamber developed in Berkeley, as K. van Bibber has 

.-already discussed. Again, large parts of the i n i t i a l nuclei emerge 

as r e l a t i ve ly light fragments. Such pictures give a spectacular 

impression of the violent and complicated col l is ion processes, the 

dynamics of which we must now try to understand. 
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7 Concluding remarks 

Numerous i n t e r e s t i n g phenomena may occur i n the i n t e r m e d i a t e 

energy reg ion and my c o n t r i b u t i o n i s not in tended t o g ive a complete 

°.id ba lanced view of the f i e l d . T have d i s cus sed some of the b a s i c 

f e a t u r e s c h a r a c t e r i z i n g the new p h y s i c a l s i t u a t i o n we a re faced wi th 

and i l l u s t r a t e d with a few spec i f i c phenomena which one might expec t 

to occur . We are only j u s t embarking on our v e n t u r e i n t o t h i s new 

f i e l d and I fo resee an e x c i t i n g per iod when we t r y to i d e n t i f y the new 

phenomena and a t t empt to unders tand them. I expect t h a t the j ou rney 

wi 1 i be 2:cci t ing as we 11 as r eward ing , and f e e l conf iden t t h t t r e s u l t s 

w i l l be e s t a b l i s n e d which w i l l c o n t r i b u t e not only to the f i e l d of 

n u c l e a r p h y s i c s bu t a l s o to p h y s i c s i n g e n e r a l . 
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F i g . 1. The b lock ing f a c t o r f| = A/A def ined by Eq. (4 ) a s a 
o 

function of the temperature T, for various values of the 

kinotic energy T of the intruder nucleon; T is the 

Fermi kinetic energy of the medium. 
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Fig. 2. The angular distribution of promptly emitted neutrons in the 
12 1S8 5 

152 MeV C + Gd collision, for selected cm energies. 
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Fig. 3. The energy dependence of the contribution from oneand two-

body PEPs in the C + Gd case for one selected impact 

parameCer b = 3.25 fm. 
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t'ig. 4. The result of a 91 MeV/n C nucleus colliding with a AgBr 

emulsion (B. Jacobsson, priv. comm.). 


