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ABSTRACT 
We review some of the latest developments in 
deep inelastic reactions. A fast relaxation of 
the intrinsic degrees is uf-ally assumed in 
tneories for deep inelastic reactions. This 
is examined in the light of a neutron and a 
charged particle experiment which confirm 
this hypothesis. The charge equilibration mo
de has been recently investigated. It turns 
out that for symmetric systems it exhibits 
quantum features which are discussed, whereas 
for asymmetric systems a statistical behavior 
is observed. Then a review of the Hofmann and 
Siemens linear response theory is done with 
special emphasis on the quantum harmonic mo
tion involving dissipation. This special case 
is of great interest in understanding the dy
namical evolution of the charge equilibration 
degree of freedom. Finally two quantitative 
applications of the theory are shown, one con
cerning charge equilibration, the other one 
concerning statistical aspects. 
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One of tr.e great interest of deep inelastic 
reactions (DIR) arises from the observation of col
lective phenomena1. People have focussed their at
tention on this collective aspect and tried to des
cribe the phenomena in terms of a few collective 
variables. Cne of the most interesting aspect of 
this kind of reaction Ls that the contact time bet
ween the two ions ranges between 10~ 2 2 and 10~ 2 0s. 
Consequei tly the collective motions which are indu
ced at the beginning of the reaction do not neces
sary reach an equilibrium situation at the end of 
the process. The understanding of their time evo
lution was a great challenge to study the evolution 
of microsystems out of equilibrium and great pro
gress have bean done in this direction. 

DIR have been mostly studied for bombarding 
energies smaller than 8-10 MeV/A therefore I will 
restrict; my ~alk to this energy region. In this do
main statistical aspects are dominant and this 
leads to great simplifications which are of great 
help in deriving theories for DIR. It is usually 
admitted in DI studies that most of the collective 
degrees which are observed are slow as compared to 
the nucleonic degrees (called also intrinsic de
grees) . As examples of such collective variables 
let us quote : those which describe the relative 
motion of the two colliding ions, shape deforma
tions and rotations of the fragments, mass asymme
try (related to the transfer of mass between the 
two ions). Consequently it is assumed that at each 
step of the evolution of the system the intrinsic 
degrees are in a statistical equilibrium. Further
more the coupling which exist between the collec
tive motions and the intrinsic degrees will be res
ponsible of transfer of collective energy (organi
zed energy) into excitation energy (desorganized 
energy) of the nucleonic degrees. This means that 
DIR are characterized by a la.ge increase of the 
entropy of the system. 

This talk will be divided into 3 parts : 
- In the first one the assumption of statistical 
equilibrium of tne intrinsic degrees will be dis
cussed in the light of recent experiments. 
- The second part will be devoted to the so called 
charge equilibration or neutron excess mode. This 
mode v/hich is very fast seems to exhibit in some 
casas quantal features. 



- The last part will deal with the understanding 
of DIR in terms of the linear response theory of 
Hofmann and Siemens2. We will see that both sta
tistical and quantal aspects of the phenomena can 
be accounted in a simple and consistent way. 
I. THERHALIZATION OF THE INTRINSIC DEGREES 

The model? which have been developped to des
cribe DIR assime a statistical equilibrium of the 
intrinsic degrees. If it is so, one of the conse
quence will be that the excitation energy is sha
red between the two fragments in proportion to 
their mass and consequently they will be characte
rized by the same temperature. The fragments which 
are formed during the reaction deexcite before rea
ching the detectors by emitting particles : n, p, 
d, a etc... and Y rays. Therefore to know how the 
excitation energy is shared between the fragments 
one has t} know how many particles of a given type 
and how many y rays have been emitted by each of 
them together with the amount of kinetic energy 
that they carry away. Furthermore preequilibrium 
particles might be emitted at the very beginning 
of the reaction. Their number is of great interest 
in testing tha validity of the assymption of a sta
tistical equilibrium of the nucleonic degrees. For 
technical reasons it is difficult to measure all 
kind of emitted particles in coincidence with the 
fragments. However a proper choice of the system 
might be useful in favoring some kind of particles. 
Without entering into the details of the experi
ments we shall just look at two examples : 
a) Neutron experiment (Cu + Au 400 MeV)[ref,3] 

By choosing a heavy target and projectile at 
not too high bombarding energy above the interac
tion barrier one can favor the evaporation of neu
trons compared to the evaporation of charged par
ticles. Such an experiment has been performed re
cently on the 400 MeV Cu + Au system'. The kineuic 
energy together with the mass of the fragments were 
measured at two different angles. The neutrons were 
detected and their velocity measured at several se
lected angles in and out of the reaction plane. 
Particular care has been taken to minimize neutron 
absorption and background by using the minimum of 



material as possible. The efficiency of the neutron 
detectors was dynamically measured using a 2 5 2Cf 
source which was present during the whole experi
ment'' (for more details see the paper of B. Tamain 
at this conference5). 

The main conclusion of the analysis is that 
within the experimental errors ('v. 10%) all the neu
trons are emitted by fully accelerated fragments. 
Therefore if a preequilibrium neutron component 
would exist, its contribution is smaller than 10%. 
It is interesting to look at the ratio of the neu
tron multiplicities v,/v2 for the light and heavy fragment as a function of the mass ratio of the pro
ducts M,/M2 (this is disolayed in FIGURE 1). If the 
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FIGURE 1, Eafcio betv.oen the number of neu
trons emitted by the detected frag
ment and its partner versus their 
mass ratio. The dotted line is the 
bissector line (from ref. 3). 

excitation energy is shared in proportion to the 
mass cf the fragments (uniform temperature in the 



composite system) the experimental points should 
be on the bissector line which is indicated by the 
dashed line in FIGURE 1. We see that it is the case 
to a oood approximation. The evolution of the ratio 
VJ/VJ as a function of the mans ratio of the frag
ments corresponds to the study of Vj/v2 along che mass asymmetry degree of freedom which is one of 
the slowest mode observed in DIR. In FIGURE 2 the 
same ratio Vj/v2 is plotted as a function of the 
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FIGURE 2, The ratio Vj/v2 is plotted versus the mean kinetic energy loss. The dashed 
line corresponds to the case where 
there is a statistical equilibrium for 
the intrinsic degrees, (from ref.3). 

mean energy loss <AE> for the fixed initial asymme
try of the system. We observe a constant value of 
the ratio v,/v2 for all the values of <AE> which have been measured. For energy losses smaller than 
30 MeV measurements were not possible because of 
the small number of neutrons emitted by the frag
ments. However FIGURE 2 indicates that a statistical 
equilibrium of the intrinsic degrees is vsry rapi
dly reached in a time which we can estimate to be 

10 -2 2 s. Finally, in FIGURE 3, the total neutron 
nc-multiplicity v T o t a i = vt + v2 is plotted as a fu tion of the excitation energy E*. The solid line 

corresponds to a Monte Carlo calculation performed 
assuming statistical equilibrium for the intrinsic 
degrees. Again the agreement is very good. 
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FIGURE 3, Total neutron multiplicity v T versus 
the excitation energy E* of both frag
ments. The full line correspond to a 
Monte Carlo calculation assuming sta
tistical equilibrium for the intrinsic 
degrees, (from ref. 3). 

Furthermore the intersect between the solid line and 
the abscissa axis gives the mean energy removed by 
Y rays emission. It is of the order of 11 MeV, in 
good agreement with previous experiments6. 
b) Charged particles experiment (l,0Ar + 5 BNi 280 MeV)7 

For lighter «systems at high bombarding energy, 
light charged particles can be emitted with a rather 
large probability. The detection of these light 
charged particles provides also Û way to get infor
mation about the statistical nature of the emission. 
Such an experiment has been recently performed on 
the 280 MeV " °Ar + 58h*i system7. Among other things, 
a particles in coincidence with DI fragments were 
identified and their energy spectrum measured. The 
emitting source can be located by looking at the 



invariant cross-section d3c/d3p, where p is the 
momentum of the a particle versus the correspon
ding transverse and parallel, velocities y, and v„ 
with respect to the beam axis. Such a cross-section 
is invariant in any galilean transformation. The 
iso cross-section contour lines corresponding to a 
single isotropic source will correspond in the dia-
gramm to concentric circles centered around the 
point characterized by the Vi and v„ of the emitting 
source. FIGURE 4 shows one of these invariant cross-
section for o particles in coincidence with DI frag
ments of charge Z = 16 detected at 30° in the labo
ratory system. Each row of dots corresponds to one 
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FIGURE 4, Invariant cross-section plots for o 
particle in coincidence v/ith fragments 
of charge Z = 16. Tha size of the dots 
is an increasing function ofthe cross-
section, (from ref. 7). 

laboratory measurement at a given angle. The size 
of the dots is an increasing function of the inva
riant cross-section. The two vectors labeled Vg and 
V"Zcomol. correspond respectively to the average mea
sured* velocities of the detected fragment and the 



velocity of the complementary fragment computed 
assuming a two body kinematics. The diagram of 
FIGURE 4 exhibits two emitting isotropic sources 
which correspond in fact to the two DI fragments 
(the maxima of the invariant cross-section at each 
laboratory angle define two circles centered at the 
tip of the arrow of V 2 and Vzcompl.)- Furthermore the energy spectra of the a partxcles are in com
plete agreement with evaporation spectra. Consequen
tly it can be concluded that all particles (within 
the experimental uncertainties) seem to be statis
tically evaporated by the fully accelerated frag
ments. The temperature which can be deduced from 
the o-spectra are also in good agreement with the 
hypothesis of a statistical equilibrium of the nu-
cleonic degree during the DIR. 

Both neutron experiments and charged particles 
experiments seem to indicate that during the DIR a 
statistical equilibrium of the intrinsic degrees is 
reached. Furthermore the neutron experiment indica
tes that the relaxation time associated to the in
trinsic motion is < 10" 2 2s. This is in good agree
ment with microscopic calculations of this relaxa
tion time6. 
II. STUDY OF A FAST MODE : CHARGE EQUILIBRATION 
a) Experimental situation 

Only little is known about the approach phase 
of DIR. The investigation of fast modes is of great 
interest for learning something about the very be
ginning of the DI process. The so called charge 
equilibration or neutron excess mode is useful jr 
this purpose. It has been observed for the first 
time by Gatty et al.'. Schematically it consists in 
the following : when an experiment is performed, 
the ratio between the number of neutrons and the 
number of protons is generally different for the 
target and for the projectile. It turns out that 
even for small energy losses this ratio for the DI 
fragments is neither the one of the projectile :ior 
the one of the target but is a property of the com
posite system. The fact that even for small energy 
losses (small interaction times) che memory of the 
entrance channel is lost for this degree means that 
one has to deal with a fast effect. iMore recently an 



experiment aimed in a better understanding of the 
time evolution of this phenomena19. The principles 
are the following : 

• Because the time of interaction is a quantity 
which is not directly measured, it is necessary to 
look at the neutron excess mode versus soma other 
quantity which can be used as a clock. Among the 
collective modes which have been studied up to now, 
the energy damping is one of the fastest so it can 
be used as a clock. All the information on the char
ge equilibration node is contained in the correla
tion between mass A and atomic number 2 of the frag
ments. Therefore from the knowledge of the triple 
differential cross-section d3o/dEdAdZ it is possible 
to study the dynamical evolution of the charge equi
libration degree of freedom. E is the total kinetic 
energy of the fragment : it decreases with increa
sing interaction time. This clock is expected to be 
good if the corresponding statistical fluctuations 
are not too large which will be satisfied if the 
energy loss is not too large. With the mass A and 
the atomic number Z we are faced with two collec
tive modes : one which is connected to mass asymme
try and has a slow time evolution (relax?tion time 
-v 5-10 * I0~2,s) and one connected to the charge 
equilibration which is a fast mode. In order to 
restrict to small interaction times it is necessary 
to fix the mass asymmetry to its initial value which 
means that we have to consider d3o/d£dAdZ for A--=Aj 
the projectile mass or A 2 the target one and to look for the Z distribution as a function of B 
(which is the clock). It is important to note that 
we get information on the charge equilibration mode 
if we look at the atomic number distribution for 
fixed mass asymmetry. The main problem in interpre
ting the data is that the primary products which 
are formed during the reaction have some excitation 
er.srgy so that they do-excite before reaching the 
detector. Therefore only the secondary products are 
measured and one has to try to go back to the prima
ry distributions. The effect of the de-excitation 
of the primary products is larger for the mean value 
of the Z distribution than for the FWKM of this dis
tribution. Therefore a lot of information is contai
ned in the FWHM of the Z distribution for fixed mass 
asymmetry as a function of the energy loss of the 
fragments. 



In this way the Kr + 92/98 Mo systems have been 
studied at 430 MeV fref.lc[]and the FWHM of the ato
mic number distribution (which turns out to have a 
gaussian shape) has been plotted for fixed value of 
the mass of the light fragments versus the total 
kinetic energy of the products. The results are 
shown in FIGURES 5 and 6. Elastic scattering corres
ponds to 222 MeV for the 8 8Kr + V*Mo system and to 
229 MeV for the 8 SKr + ' 8Mo system. Ne observe that 
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FIGURE 5, FWHM of the Z distributions for several 
masses versus the total kinetic energy 
of the fragments (TKE) for the 4 30 MeV 
8 sKr + 9 2Mo system, (from ref. 1 0). 
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FIGURE 6, Sarr.s as FIGURE 5 for the 4 30 MeV 
9 FXr + • ;Mc system, (from réf. 1 0) 
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FIGURE 7, Mean value of the variance of the ato
mic number distribution for the quasi-
gold fragments arisinc from the colli
sion of Ï 3 2Xe + 1 9 7Au"at 900 MeV (from 
ref. 1 1)- The full and dotted curves give 
the results of computations with diffe
rent hypothesis : class = classical dy
namics with zero widths at t = 0. Stat 
1 et 2 = classical dynamics with non 
zero widths at t = 0. Quant 1 and 2 = 
quantum dynamics (from ref.'s). 

energy E* for the quasi-gold fragments. Indeed the 
rise of o\ versus E* is xess rapid as compared to 
the Kr + Mo systems. Furthermore a plateau seems not 
be reached for large values of the excitation ener
gy but o^ increases like /T the square root of the 
temperature of the intrinsic system. 
b) Static interpretation of the equilibrium beha

viour of the charge equilibration degree10 

We shall now assume that the charge equilibra
tion is of collective nature and try to understand 
what happens when the charge equilibration degree 
has relaxed to equilibrium. For that v/e shall consi
der a very simple model v/here we assume that a com
posite syntem consisting of two spherical liquid 
drops in contact is formed. The potential energy % 

J 



of the composite system can be written as : 
Z.Z2e2 

(1) Ï- ELD(2:,A2) + E L D(Z 2,AJ + — ^ — + VN(R) 
. £(i+l)ft2 

2pR2 

the two firse terms are the liquid drop energies of 
both ions taken as i 

Z? 
(2) = L D < W «'- V . + Vî 7' + aC A l / , ' < W 

2 asym A, 
from ref. 1 2. In formula (2) the term which will 
play the greatest role as far as the charge equili
bration is concerned is the last one connected to 
the symmetry energy which express the isospin de
pendence of the nuclear forces. The 3 last terms in 
formula (1) are respectively the coulomb, nuclear 
and centrifugal interaction between the two ions. 
*£ depends only on ZJ,AJ and I because of the cons
traints on the total number of nucléons (A=A,+A2) and on the tctal number of protons (Z=Z,+Z2) which remain fixed. For fixed value of the mass of one 
fragment £ is a parabola with a minimum given by 
the equation : 
(3) da/dZ,|A = 1 Cte - °-
This equation gives the most probable value <Z.> 
for fixed Aj which corresponds to the equilibrium 
value of the position cf the maximum of the Z dis
tribution for fixed A, of the primary products. 
This has been indeed observed in several experi
ments 9 - 1 1. Because £(ZJ,AJ) for fixed A, is a pa
rabola it is -smpting to try to describe the char
ge equilibration mode by a harmonic oscillator. 
This oscillator is not isolated but is coupled to 
the intrinsic dagrnes. These degrees play the role 
of a heat bath at temperature T for the oscillator. 
This heat bath v/ill influence the fluctuations of 
the charge eqjilibration degree and the variange o^ 
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of the atomic number distribution for fixed mass 
will be given by 

(4) tel1-— 
l Z> BJÎ* 

i M + 4 ^ ; = - J - T* 
2 % \ Bfl« 

S -1! 
where ft is the collective frequency of the charge 
equilibration mode and Bits inertia. The stiffness 
coefficient C of the mode is ccnnected to B and il 
by : 
(5) C = BO?. 
Two extreme cases are of particular interest becau
se they lead to simple results : 
1. When the phonon energy f.r. is much smaller than 
the temoerature : -ftîî << T the variance reduces to : 

(6) W-i 
In such a case, one has to zeal with statisti

cal fluctuations. This means that even if the equi
librium is reached, the width cf the atomic number 
distribution should increase v.i-h increasing energy 
loss like /T. 
2. The second extreme case corresponds to a phonon 
energy much greater than the ter.perature : -nfi >> T, 
then the variance is given by : 

( 7 ) l°zj ~ 2C- ~C-

This means that the FWKM of the atomic number 
distribution for fixed mass asyrunetry is indepen
dent of the temperature of tha intrinsic system i.e. 
of the energy loas. In this case the fluctuations 
are of quantum type. 

In both cases this assumes :hat B and C are in
dependent of the temperature. Cf course this is an 
oversimplified picture because rrreat changes, espe
cially in the inertia, are expected during the 
course of the reaction. However v;e will make those 
assumptions to get a feeling cf the phenomena. 

For the "Kr + , z ' , 9 M o systems where a plateau 



is reached for energy losses greater than 30 MeV it 
seams likely that we have to deal with quantum fluc
tuations and that we observe at equilibrium the zero 
point motion of the mode. From eq.(l) we can compu
te the stiffness coefficient which is given by : 

= ,*2£. (3) C = dzS/dZf Aj=Cte 
and then the phonon energy of the mode by eq.(7) 
using the experimental result for the variance. In 
this way we get around 8.5 MeV for the 8 tKr + , 2' , 8Mo 
systems. Of course this value reflects the state of 
the system when the coupling between charge equili
bration and the nucleonic degrees has disappeared. 
It should be noted that this coupling could disap
pear before the scission configuration is reached. 

A similar observation has also been observed 
recently for the 1,0Ca + """Ca system13 and the pho
non energy which can be deduced from the data is 
also of the same order. 

For the Xe + Au system a small increase of the 
variance with increasing energy loss is observed 
even for large energy losses. This increase goes li
ke the square root of the temperature which means 
that for this particular system we have to deal 
with statistical fluctuations. Furthermore for large 
energy losses,oh remains small as compared to the va
lue of the system Kr + Mo. Using the experimental 
results and eq.(6), we can deduce a phonon energy 
of the order of 3 MeV i.e. much smaller than the 
value deduced for the Kr + M3 systems. It should be 
noted that this value is consistent with the obser
vation of statistical fluctuations. This difference 
between symmetric and asymmetric systems is very 
puzzling and a few speculations can be made : 

It is tempting to think that charge equilibra
tion is closely related to the longitudinal compo
nent (m = 0) of the giant dipole resonance of the 
convoeite system. This mode is of isovector nature 
and corresponds to a motion out of phase of nrotens 
and neutrons. In this case, for a symmetric system, 
we would expect a phonon energy of the order : 

(9) «3 = — r - ^ — (MeV) 
Aj/ } + Aj/> 

i.e. in close agreement with the one deduced from 
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the experiments on symmetric systems. However this 
value is much too large for the Xe + Au system. 
This apparent contradiction has been recently sol
ved by Moretto1* who showed that o^ decreases stron
gly when the system becomes asymmetric as compared 
to the value for a symmetric system. 

Charge equilibration studies seem to be a pro-
missing tool to study the approach phase of DIR. 
Furthermore, when the bombarding energy will increa
se, it will be very soon one of the only modes which 
will be excited if DIR still exist. Consequently it 
will be very useful in understanding t.Iie high ener
gy borderlines of DIR. 
III. INTERPRETATION OF DIR USING LINEAR RESPONSE 

THEORY 
Most of the collective motions which have been 

studied in DIR relax to equilibrium in a time larger 
than the one for the intrinsic degrees. Consequently 
one has to deal with low frequency modes although 
the motion is in most of the cases of large amplitu
de. During the reaction the excitation energy of the 
intrinsic system becomes very soon rather large. 
Therefore statistical assumptions can be made. Under 
the assumption that the intrinsic degrees relax very 
quickly to equilibrium, transport theories have been 
derived to treat the dynamical evolution of these 
slow collective modes 2' 1 E _ 1'. However we have seen 
in section 2 the existence of a phenomena which, if 
we consider that it is of collective nature, is re
latively fast and characterized by a relaxation ti
me just a little bit greater than the one of the in
trinsic degrees. A classical treatment cannot be 
used to treat such a high frequency mode and a quan
tum mechanical treatment is necessary. 

The theory of Hofmann and Siemens2 is very help
ful in understanding the DI phenomena. It allows to 
describe the dynamical evolution of slow collective 
mocas by mean of a Fokker Planck equation in phase 
space. Furthermore, in the case where the morion is 
harmonic, it also allows to treat high frequency 
modes on a quantum basis. We would like now to brie
fly describe this theory in a very simple manner. In 
order to do that we shall restrict ourselves to a 
one dimensional motion. The extention to the quan
tum case for a harmonic motion corresponds to a work 



done together with K. Hofmann, A. Jensen and P. 
Siemens. This section will be concluded by showing 
a few applications of this theory to DIR. 
A. Restriction to a linear coupling2 

We shall first restrict ourselves to one collec
tive degre* Q. P will be the conjugate momenta. To 
get the equation of motion for the collective de
gree, one has to start with a model hamiltonian 
which will be assumed to have the following form : 
(10) & = H i n t ( x ^ ) + Q Ffx^ + H c o l l(Q #P) 

x_j_ and Dj_ are respectively the intrinsic coordina
tes and their conjugate momenta. H^ n t ?.nd H c o n are the intrinsic^and collective bare hamiltonians. The 
coupling Q F(X£) is assumed to be linear in Ô. We 
shall first start with this simple coupling and see 
later how the theory can be generalized to a more 
complicated coupling. It is this coupling which is 
responsible of energy transfer from collective mo
tion into intrinsic excitation energy. The total 
density operator p satisfies to the Von Neumann 
equation : 
(11) ifi 3p(t)/pt = ££,p(t)] 
we are not interested in p(t).but rather in the re
duced density operator 
(12) f (t) = Tr p"(t) 

int 
which is defined by averaging over the intrinsic 
degrees. (Here the trace has been taken with respect 
to the eigenstates of the intrinsic hamiltcnian on
ly) . The equation of motion for £(t) can be obtai
ned in nn approximate way by applying time^dependent 
perturbation theory up to second order in 3 and ave
raging over the intrinsic degrees. Consequently, up 
to second order in the coupling the following quan
tum equation is obtained : 

• ) 



(1.3) i-n 3f /St = 

+ [ [ f , i/fi | ds x"(s) Q I ( -s)J ,Q] 

-i/fi jTf,J ds*(s).QI(-s)l,Ql 
i whereO corresponds to the Schrôdinger picture whe

reas Q (t) has to be calculated in the interaction * 
picture : 
(14) ÔI(t) = e i/ft H c o l l t Q e - i/ft H c o l l t 
the interaction is assumed to start at t = 0. Two 
functions have been introduced in eq.(13) which are 
a characteristic of the intrinsic system : 

The response function : 
(15) x"(t-f) = 1/2 Tr p i n f c [^(t), F I(f)l 

which corresponds to a trace over the intrinsic de
grees of the intrinsic density matrix at time t = 0 
times a commutator of the field F in the interaction 
picture : 
(16) FJ(t) = e i/h H i n tt F e - i/ft H i n f c 

and the correlation function : 
(17) iMt-t') = 1/2 Tr p i n t ^ ( t ) F I(f)] + 

in which enters an anticominutator (denoted by £] + ) . X"(t) and \l>(t) are completely determined if" 
p* t is defined. This is done by assuming that at time t = 0 the internal system is in a thermal equi
librium at temperature T. Therefore : 
(18) p l n t = 1/Z(T) exp(- H i n t/T) 
with 
(19) Z(T) • Tr exp(- H i n f c/T). 

We sh3ll assume in the following that we are 



with 

not looking at the system for times t which are 
shorter than the relaxation time T of the intrin
sic degrees, (T corresponds to the time after which 
the response and correlation fu ictions have decayed 
down to zero (typically of the order or smaller than 
10"22s [jef."^)). Consequently, if t > t, one can 
replace t by <*> in eq. (13) and'we get : 

(20) ift 3f/3t = - f"f,H c o l l1 

+ [[!,ôr] + ,q]-i[[f.ôc].ô] 
.00 

(21) Ô r = i/fi I x"(s) QX(-s) ds 
•'o 

(22) Ô„ = 1/h f *(s) QI(-s) ds 

which represent the effective forces on the collec
tive mode. Using eq.(20), it is possible to treat 
either a high frequency mode under the assumption 
that the motion is harmonic or a slow collective 
mode if the motion is anharmonic. 
a) Treatment of a high frequency mode ; quantum 

master equation1*''5 

We shall now assume H c o n to be harmonic 
(23) H c o l l = P2/2B + 1/2 B« 2Q 2 

where B is the inertia and fi the frequency of the mo
de. For a^harmonic motion the time dependence of the 
operator Q1(t) appearing in eq.(21) and (22) has the 
following structura : 
(24) QI(t) = Q cosHt + P/ttB sinHt 
As a consequence O r and 0 C become time independent and can be expressed in terms of tha Fourrier trans
forms of the response and correlation function : 
(25) ô r « x*(n)Q/:K - X"(n)/2h P/BO 

(26) Ô c - S(fi)Q/2K - R(fl)/2h P/B.Î 



wnere 
(27) x'(.l) = 2i I dt costtt x"(t) 

'o 

(28) x"(S) = 2i f dt sinfit x"(t) 

(29) S(fl) = 2 f dt cosnt ij/(t) 

(30) R(fl) • 2 f dt sinnt if»(t). 
'o 

It can be shown that x'(°.) and R(Q) represent 
conservative forces whereas x " W and S(fi) corres
pond to dissipative ones. We shall assume that the 
former are taken into account properly when defining 
®coll a n <* ^ r o P them away. Furthermore the Fourier 
transform of the dissipative part of the response 
and correlation functions are related to each other 
by the fluctuation dissipation theorem : 
(31) x"(G) = tgh (f»fl/2T) S(S). 

Defining the friction coefficient y(Ù) and the 
diffusion coefficient D(Q) by ; 

(32) Y(fl) = X"(«V«« 
and 
(33) D(fi) = S(îî)/2ft 
then the fluctuation dissipation theorem reads : 
(34) D{.Q) =Y(&) (-nn/2 cotgh W 2 T ) *Y(°-)T*(fi). 
It turns out that the diffusion coefficient D(J2) is 
related to the fiiction coefficient "y(ft) by means of 
a generalized Einstein relation where the temperatu
re T is replaced by T*. T* is the mean energy of the 
oscillator coupled to a heat bath at temperature T. 
The usual Einstein relation (D = yT) is only obtained 
in the high temperature limit i.e. for : T>>f\3/2. 
It should be noticed that the transport coefficients 
Y (ft) and D (îî) are frequency dependent. Using the 
fluctuation dissipation theorem and neglecting the 
reactive part of the response function we get : 

-**- J 



(3.5) rft 3f/3t = - [ f ,H c o i i ] 

- Y(fl) |fP + Pf/2B, Q! 

- iY(JÎ)T*(n)[|f,Qj, Q1 
The solution of eq.(35) can be found by taking the 
Wigner transform of both sides. The Wigner trans
form of f(t) is defined as : 
(36) fw(Q,P,t) = l/2Ttft jds e-i?s/ft <Q+s/2|f(t) |Q-s/2> 
we obtain : 
(37) 8fw/3t = - P/B 3fw/3Q+Btt2 3fw/3P 

+ y 3/3P <Pfw/B + T* 3fw/3P). 
The solution fw(Q,P,t) of eq. (37) -in be expressed in terms of a propagator K(Q,P ; Q0,P0,t) in time folded with an initial distribution f^(Q0'p

0) : 

(38) fw(Q,P,t) = |dQ0dPQ K(Q,P ; Q0,P0,t) f°j(Q0;P0). 
This propagator K fulfills the same equation as f,. 
but with the initial condition : 
(39) K(QQ,P0 ;Q o,P o,t=0) = 6 (Q-QQ) 6 (P-PQ) . 
Consequently K will be a gaussian distribution de
termined by the first moments <Q> and <P> and bv the 
second moments : 
(40) ZQQ = 1/2 < (Q - <Q>) 2 > 
(41) £ p Q = 1/2 < (Q - <Q>)(P - <P>) > 
(42) E p p = 1/2 < (P - <P>)2 >. 
The first moments fulfill classical equations of 
motion ; 
(43) B d2<Q>/dt =- y (2) d<<V/dt - Bn2<Q>. 



The second moments fulfill the following set of cou
pled first order differential equations : 
(44) dE p p/dt = - 2 BP.2 £ p Q - 2 Y / B E p p + Y T * 

(45) d E Q Q = 2/B E p Q 

(46) dr p Q/dt =E p p/B - BQ' E Q Q - y/B E p Q . 
The equilibrium solution is given by : 

<Q> = 0 , E p = 0, E p_ = B T*/2 
and P Q p p 

(47) EQQ = 1/BÎ22 T*/2 
which are those of the equilibrium distribution of 
an oscillator. The solution of the equations for 
the second moments can be written as a sum of the 
equilibrium solution plus a part which oscillates 
and decays to zero with a time constant B/Y- Simi
larly the first moments of fw(Q,P,t) (mean values) 
decay to zero with a time constant B/2Y. Consequen
tly, as the time goes to infinity, the propagation 
will go over the equilibrium distribution of the os
cillator : 

(48) K(Q,P ; Q 0,P 0, t-«) 
= n/2fft4* exp{- P 2/2B + 1/2 BÎÎ2Q2/T*} 
= f e q(Q,P). 

The equilibrium distribution, as it is expected, is 
independent on the initial conditions Q 0 and P 0. We 
deduce from eq.(38) the following important prooer-
ty : 
(49) fw(Q,P,t) - £ (Q,P) 

no natter which initial configuration f°(Q c,P 0) we 
have started with, we always obtain the'proper equi
librium distribution with all its fully quantum me
chanical features. 

It should be noted that in treating in a quan
tum way the collective motion, one has to be care
ful with tho initial condition f£(Q 0,P 0) which has 
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is connected (due to the fluctuation dissipation 
theorem) to the diffusion coefficient D= (°)N = 
S(o)/2 by the Einstein relation : 
(55) D =» YT. 

This leads to a quantum master equation which 
in the classical limit (which can be used for DIR) 
turns out to be a Fokker Planck equation in phase 
space. This equation is exactly the same as eq.(37) 
for the Wigner transform in the quantum case. The-
refor*» the solution has also the same form : it is 
a gaussian the moments of which satisfying eq.(43-
46). However the initial conditions are now only 
delta distributions because of the classical limit. 
3) Extension to a non linear coupling : large scale 

amplitude collective motion2 

The Hofmann and Siemens theory is not only ap
plicable to a linear coupling but apply rr.ore gene
rally to non linear coupling if the collective mo
tion is slow. This is done by a renormalization of 
the intrinsic hamiltonian at each step of the reac
tion in the following way : let us consider the fol
lowing total hamiltonian : 
( 5 6 ) = "int (*i' V + Vix^Q) + H c o l l(Q /P) 
If one follows the system during a time interval at 
around an arbitrary but fixed time t 0 such that : 
(57) T « 6t « ( f t a c o l l r J 

the collective degree will almost remain constant 
during 6t and can be estimated by its average value 
Q 0 - < 0 > t o

 a t ti^e t 0. Q-"13 roay rewrite ~J<> in the 
form : 
(58) £ - H i n t + V(xi,QQ) + 6V + H c o n 

(59) 6V = V(xi,Q) - V(x i /Q 0) 
the hamiltonian for the intrinsic motion is now con
sidered to be given by : 
(60) fij (Xi^i^J-Hi-t (V^+VCx^ô.) 



it depends on the mean value of Q(t) at time t 0. The intrinsic hamiltonian Hfnt now contains a large part of the coupling and 6V is now small and can be 
expressed in a linear form just by a first order 
Taylor expansion : 
(61) 5V = (Q-0o) 3V/3Q0 

consequently around t = t the motion can be descri
bed by a Fokker Planck equation as in section III .Ab. 
This equation can be extented to the whole reaction 
due to the inequalities (57). In this case the tem
perature of the intrinsic system becomes time depen
dent. One of the necessary condition of this appro
ach to be valid is that the statistical fluctuations 
remain small which, in practice, has been checked 
to be fulfilled. 
C. APPLICATION OF LINEAR RESPONSE THEORY TO DIR 

REACTIONS 
The final aim of the theory is to calculate mul-

tidifferential cross-sections involving various mea
sured macroscopic quantities. Although microscopic 
calculations of the transport coefficients can be 
performed and has been performed*, the applications 
to DIR have onlv be done up to now using phenomeno-
logical AnsStze15'*9~2'. Classical phenomenological 
models with dissipative forces have been used for 
the equations for the 1st moments. In this case, as 
we have seen in sect. 3, the equations for the 2nd 
moments are completely determined without any new 
parameter except for the temperature of the intrin
sic system. The output of the calculation is the 
distribution function (in the classical case) or the 
Wigner distribution (in the quantum case) at time 
t -•' » from which it is possible to compute multidif-
ferential cross-sections involving the macroscopic 
variables which x:re treated explicitely''. We shall 
not go into the details of the applications and re
fer the reader to ref.ls'L9"2,but just show uwo typi
cal examples of such applications. 
a) Application of the quantal master equation15 

Treating explicitely two degrees of freedom 
(mass asymmetry x and charge equilibration y) and 
parametrizing the energy loss, it was possible to 



apply the quantal master equation to the problem 
discussed in sect.2 Q:ef.lSj. The main problem 
which arises in such a treatment is the choice of 
the initial conditions f̂ . Indeed the Heisenberg 
uncertainty principle has to be fulfilled. For ins
tance for charge equilibration one should have : 
(62) E y y £ p y p y - ( E y P y ) 2 > * 2/l6 
In the applications the initial distribution was as
sumed to be a gaussian wave packet with E(y?y) = 0. 
In FIGURE 8 are show for the 430 MeV "Kr + "Mo sys
tem the calculated Z-variances o* for A = 86 as a 
function of the excitation energy E*. The different 
curves correspond to different sets of initial con
ditions. A small variance in y for t = 0 corresponds 
to a large variance in p y i.e. to a large amount of kinetic energy in the charge equilibration mode. The 
larger is E(pyPy) the larger is the overshoot of the 
curve over the equilibrium value. The experimental 
points are also plotted in FIGURE 8. We see that 
they would agree with a rather broad initial o^(t=0) 
for the prepared system. 

In FIGURE 7 is also shown the result of a calcu
lation for several preparations of the system : 'das' 
corresponds to a pure classical calculation where 
the initial distribution is a delta function and 
where T* = T - 'stat 1' and 2 are similar calcula
tions but with broad initial distributions. Finally 
'quant 1' and 2 correspond to a full quantum calcu
lation as for the Kr + Mo system but with a phonon 
energy for the charge equilibration mode equal to 3 
MeV.(In this case it should be noted that T* does 
not differ very much from T). Also for this system 
we see the influence of the initial distribution on 
the results. Consequently charge equilibration seems 
to be a mode which pumps very quickly ener.gy frcri 
relative motion at the very beginning of the DIR. 
b) Application of the Fokker Planck equation 

In FIGURE 9 are shown for various atomic numbers 
Z the correlation between the total kinetic energy 
Ecu a n d t n e angle 9 (d2a/d0dEdZ) for the 280 MeV 
Ar + Ni system21. Such a correlation between 3 ma
croscopic quantities provides a severe test for the 
model. In FIGURE 10 are also shown from ref. 2 2 the 
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FIGURE 8, Calculated variances Ojj of the atomic 
number distribution for A = 86 as a func
tion of the excitation energy. The diffe
rent curves correspond to different va
lues for the initial conditions, (from 
ref. 1 5). 

corresponding experimental curves. We see that ex-
cent in the qviasi elastic region (where the theory 
cannot be applied) che pattern is reproduced. (In 
FIGURE 9 cross-sections are in mb/rd/Z whereas in 
FIGURE 10 they are in ub/rd/7. 
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FIGURE 9, Calculated d'a/dôdEdZ for several atomic 
numbers versus 0 and ECJJ for the 280 MeV 
*°Ar + 5 8Ni system, (from ref. 2 1). 
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1 3N. Frascaria, private communication. 
'"•L. Moretto, private communication. 
, SH. Hofmann et al., IV Balaton Conference (1979) 
preprint DPh-N. 

I SW. Nôrenberç, Z. Phys. A274 (1975) 241 ; A276 
(1976) 84. 

1 7D. Agassi et al., Ann. Phys. H)7 (1977) 140. 
, 8H. Hofmann et al., to be published. 
1 9C. Ngô et al., Z. Phys. A282 (1977) 83. 
2 0M. Berlanger et al., Phys. Rev. Lett. C_17_ (1978) 
1495 ; Z. Phvs. A284 (1978) 61. 

2'M. Berlanger'et al., Z. Phys. A286 (1978) 207. 
2 2J. Galin et al., Nucl. Phys. A278 (1976) 347. 


