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Abstract

A transport theory is formuiated within a time-dependent m:mg_-aoam_
approach. Time averaging of the equations for macroscopic guantities
lead to irreversibility and justifies weak-coupiing 1imit and Markov
approximation for the (energy-conserving} one- and two-body collision )
terms. Two coupled equations for the occupation probabitities of dynemi-
cal single~particle states and for the collective variable are derived
and explicit formulas for transition 1mnmmm dynamical 104nmwm.emmw
parameters and friction coefficients are given. The applicability of
the formulation in terms of characteristic quantities of nuclear systems
15 considered in detajl and some peculiarities due to memory effects

in the initial equilibration process of heavy-ion collisions are
discussed,

#) Present address: Physik-Department der TU Miinchen, D-8046 Garching,
Germany

1. Intreduction

The initial stage of a heavy-ion collision is characterized by the mutual
approach of the nucles in their ground states. Because of the long mean free
path during this stage of the collision, the motion of the nucleons is expected
to be governed by their self-consistent mean potential which evolves
in time. This stage should therefore be wetl described by the time-dependent
Hartree-Fock ({TDHF) theory [1]. By residual interactions the Slater deter-
minant of time-dependent single-particle states decays to more complex confi-
gurations. This decay leads possibly to a Zocal statistical equilibrium
where the system occupies the total phase space (total configuration space)
which Is ‘tocally' available, i.e. available for fixed values of the macroes-
copic {collective) degrees of freedom. The time necessary for this decay, i.e.
the Tocal equilibration time Tlac has been estimated to be of the order of
16-%%5 12,31,

In the spirit of this discussion the inclusion of residual two-body collisiong
in &8 self-consistent mean-fiald theory {generalized TDHF theories) is a natural
step for a more redTistic description of heavy-ion collisions 14-131. However,
because of the numerical difficulties envolved in such approaches, these attempts
are stifl rudimental. Current transpart theories (for a review cf. [11]) like
the linear response theory [12], the window - and wall theory [131 and the non-
perturbative transport theories [11,14-16] assume impticitly local statisticat
equilibrium throughout the coliision. Therefore, these theories are not expected
to describe properiy the initial stage of the colTision process where
memory effects due to the local equilibration process are expected, Some memory
effects have recently been considered within the 1inear rasponse theory [17,18],

Memory effects due to the local equilibration process have been studied

phenomenologically within macroscopic dynamical models 119,20] and microscopically



AG paULWAa}IP D48 SJUWI[3 XLJ3ew BuLidnod ay)

.ﬁuusu SIUBLILJHI00 uoLsuedx?d 3Yyy 4o suoljenba jeLjuadssiiLp paidnod o

ST 9. 3¢
(9°2) (1% (1% = ()% 3

185 8Uj ULe1g0 M

(s2) Lap(,a)72f v =1 dxa (b)7s = (3°b)°X
3

531815 9U3 4O SWJIT Ul

n
(b'2) (36)"% (3)% 7= (3¢
se {(1}h Buipuedxy .ﬁmmm:oﬂ + 979 01 BuLpuodsasdon) ﬂ._.,mz ut
sawe} Buransesw snyl ‘aqeldes awli 2yl ul ﬂ-F paqJ0sqe saey am {7'7) ul
(£72) “(b) M + (b)%H = (bl

uRLUOZ | LWeH APOQ-3uD 107 SY) JO4

(z2-2) (1)2({3)b}H = 3e/(3)deL
ugLyenbs
42bulpouyos Juspuadap-suLy ay] JBPLSUGD AM LCLIENILS [eILWeuip uaaLh

B 40L UOLYLULLAp SLYy3 BuLziwiido £0) 2LAS3LJD BWOS LLEIGO 01 JIPJC UY

(1°2) (078 ()" = {b)"¢ (b)%

Aq pautyap

AllPWw4o) SL Acvaa SuUoL3oURY aAeMI[OLYJAed-a 1BuLs AURUD)1PIS 4O 395 Yy
TpavbgofUE Leag s
SL S3[QBLJBA 3AL11IT| 0D JO JOQUNY AABSLQJR U 03 UOLYRZL|e.8uUal oyl
"3 all 10 uoLlaunt e sLoustym (4)b a[geLdea |BOLSSE|D B SE 4L 1REL) DUe
“13]0nu BuLpL |02 OM3 ay3 JO S4S3USD 3Yl UIamMIIq SduelsLp ayj ardwexs

J0J b ojqetdea 2AL109[100 S[BULS B A[UD JOpPLSUDD aM f11dL|duLs Jod

sLseq a|oLj4ed-abuls |eoLweudn <7

"l€2°222 suaded paysiyiand snolasad ayy woay Juspuadapul Jdayged

84 01 N0 paUInY LjeuL)*mo(aq paauasssd 1930qns 3y3 ‘Asosyl syz Bulrdo|masp

J0 854n02 3} Ul “UBASMOH ' ,SUQLSL( (D) UOT-AAEBH SALJRALSSLY 40 AU03Y]

jdodsued], S8148% 843 JO PI] 1ded w0y 03 JyBnoyy Al(eurbrao sem saded spy)

TUOLIE|NWAO4 SLUY

WOA} UMRAP SUOLSRIDUOD ULRW BY} 9 § UL SSNISLP puR SZLJLEWMNS 3N “PISSNISLP §|
SUOLSL (102 UDL-AARaY 4O 553204d UOLIEBAQLILNbE [ELFLUL 3YF O} LOLIB[NUICY Y} 4O
fr1]1qeotdde ay3 6 § ul 'JUSLOLILA0D UCLIOLLY BY] pueR JB}aue.ed ssew ETk .hmgm:m
L213U870d 841 40) SUCLSSAUMXD YFLM I{GELJIRA BALIIDL[0D DY 46} UOLIOW JO
uoLyenbs ue § § UL BALAZD 3M UOLJEAJSSUOD ABuBuD |B30] 4O UCLILPUOD BYT WOJ{

(£ § *40) aunpasoud BupSessap-swiy ajgeiins e Aq jLuwr] Buy|dnod-yeam Y3 uL
paaLdsp sL salgl(Llqeqoud uorjednaao apoigJed-abuLs aul o4 uoljenba Jajsew i
TAp{e2puRydau-winjuent ugLyoeAsIUL a1 Jo syded c_me 591e40d403UL UD Lym

(z § "42) siseq 2|9134ed-a(burs fedlweufp & wouy 3n0 34e3S I *SOLURUAD JL3eqerp
SAljedLSsip 2yl JLUL| BWES UL SULBIUOD PUE uwOLIBJGL|LNbD |ed0{ Jo u:mgpmmga 319t |dxa
943 404 sMO|LE Yoium yaeoudde {apow-||sus juspuadop-sy e uLyzim Laodyy

J40dsuedy e Jo uoLje|ruuoy  snouobLa By 0] pajosap mw.xu:pm Buimoy o ayy

*[02] pateslsuowsp uaaq sey owwj

uoLIeaqLLinba [e20| Y3 40 37LS AL UO SUOLINGLLISLD ABJBUD pue Jenbue jo
aouapuzdap mpnM¥LmeL ¥OCuOLYIRAQLEENLS [BIO] 3U3 BuLdnp SuoisL{100 Apog-omy

AQ pejedLssIp Agisusaaudy SL ABusus |eLjusiod sLy3 “Al3usnbasgns - peLjustod
BAL1RALBSUOD B SE ABJ3US JL3BULY BALDS|10D Jo 3beu0ls ays 03 ALLaewcad spes|
Platd uesw juspuadep-swiy Ul ut uollow 3|3L34ed-3Buls s13eqELP YL

:558004d do3s- oMy @ AQ PRZL4aloeURYd S1 a|dwexs 40} uolledLSSLp ABJaUs ay]

T EOMMLIAD D1apqrIp 2a34pdr S Yl fpednpoJlul uaaq SBY uDL3ou Jeaianu
m>_wump_ou &pn1l [dwe~sbae| ul wSiueyYdsdW uoLledLSSEP MAU & S3LPNLS 8SIYY

A9 *[1g'e] |spow 403e]| LI5S0 SLUOWJRY BY: Pue |apow seb-lwte4 ayg uLyiim



-5 -

t
st d : '
Uga(t) = <o (a} K" ~iagzls ()> expl-ifu ,(t')dt'] (2.7}
with Uyg = €"Egn The diagonal elements of H' vanish (i.e. are included in

xov. The diagonal elements of a/aq vanish by the proper choice of phases for
the wave functions.

An optimal choice of the basis states eoﬁgv would leave the norudmzm small
such that an expansion in powers of :thﬁv becomes meaningful. We want to
consider slow collective nuclear motions with collective velocities sufficiently
smaller as compared to the Fermi velecity, ms.oﬂam1 to allow the nucleonic
states to adjust continuously to the actual nuclear shape, The First thought
would be to cheose the adiabatic basis defined by H, = # and hence #' = 0,
However, it has been shown [3,24] that for realistic values of the collective
velocities in fission and heavy-ion collisions the nucleonic motion near
quasi-crossings [25,26] 1s far from the adiabtic }imit. Rather than within
adiabatic states the individual nucleons move in diabatic {i.e. crossing)
states across the quasi-crossing, The reason for this behavicur is that each
nuciecn tries to keep the nodal structure of its wave function. The ]ower
limit for the collective energy per nucleon where the diabatic behaviour be-
comes dominant has been estimated to be around 0.03 MeV [3]. Remarkable disbatic
effects have been obtained even at smaller energies in the fission process [24],
A suitable diabatic basis may be constructed From adiabatic states by connecting
states of maximum overiap or by taking out from the total one-body Hamiltonian
H(q) some symmetry breaking parts H' [27], In general the optimal basis depends
implicitly on the collective velocity q. With increasing 4 this basis becomes
more and more diabatic in the sense that an increasing number of quasicrossings

arg changed into crossings of the corresponding diabatic states. Such a dynamical

.m;zmdm-tmﬂﬁﬂndm basis is used in the following formulation.

The use of dynamical basis states xaﬁn.ﬁv which do not depend on q
explicitly {cf. (2.1) and (2.5}), may not be always sufficient. In order
to reduce the dynamical coupling Aem_mm\mn_eex it might be appropriate to

introduce according to [25] a common phase factor in X, 25
- ﬁ
X,{9:231) = v (a) exp [~i{fe {t')dts mp}]1  (2.8)

where M(q) and »{q;¥,t) denote the effective mass and the velocity potential
of the incompressible irrotational flow which corresponds to the collective
(shape-) degree of freedom gq. The use of {2.8) instead of {2.5) is expected
to be particularly useful in the diabatic limit of single-particie motion
where the nodal structure of the wave functions is essentially preserved,

In first approximation the nodes and magnitudes of the wave functions are
carried along with the irrotational incompressible Fiuid velocity, The im-
plications of such common phase factors have been studied by several

authors [9,28-301. For simplicity we restrict our following formylatian to the

basis states {2.5).
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If the basis states coincide with the shell-madel states for the We consider the weak-coupling 1imit where the intermediate propagator

separated nuclef, contributions to Qo{t,)) result only from the slow {3.9) s approximated by unity. The justification of this approximation

collective motion {virtual excitations) or from the residual interactions will be discussed below. Inserting {3.3) in (3.13) yields the memory kernel

(ground-state correlations} and hence are small. In general, however, in the form

Q{p{ty)) depends on the choice of the basis states and therefore, need not M mmﬂn.ﬂv _ :umnnu:mpﬁﬁ-Aw _ mqm.mcp<ﬁﬁvc<pﬁﬁ-ﬂv see..  (3.16)

ta be small. The second term on the r.h.s. of (3.11) is usually referred Y

Thus we have to examine terms of the form

to as the collision term and describes the change of the occupation probabili-
. +on t'-t t!

ties due to the coupling cnmﬁﬁyamﬁzmm:ﬂgmmﬂsu4m|um1ﬁdndmmﬂmﬁmm". Hnﬂ_ @\: o

PRIV IS de U (') U, (¢!~ [-i [ dt"a, (9] (3.17
LM TmeEe st Vg tm) expl-d [t (691 (3.07)

where we have introduced a Lorentz curve of width 2o for w{t=t'} and used
3.2 Time-~averaging

(2.7) with the notation
In general the memory kernel {3.13) may produce fast oscillating contri-

- _|.um
butions in the generalized master equation (3.11). Since we are only interested Upplt) = <o, (@} [H'- 4q 5 _emﬂnvvgunﬁﬂv - (3.18)

in.the smooth behaviour of the occupation probabilities we eliminate such The largest variation in ¢ is expected from the exponential. Using a Tinear
oscillations by taking an average over time. The time average of a quantity

approxmation to amnﬁn=u around t"=t we obhtain for the argument
A(t) is defined by ;

o . : - mﬁgmpﬁﬁv + meﬂHVAn_-ﬂwuﬂ where the term proportional to 2 is neglected,
— 1 |- 1 :
A(t) < Mmﬁ w(t-£)A(t") (3.14) Performing the integration over t'-t replaces ﬁamgﬁﬁvﬁﬁ_;ﬁu by the decay
constant
where the weigth function may be chosen for example of Gaussian or Larentzian
_ ) _ ¢ Bu -1
_ e s N Taalth = lug (t)fe = (<0 ) (3.19)
shape. By partial integration it is seen inmediately that TA/3T = ah/st.
. . . . . . B . . .
In performing the time average over the r.h.s. of eq. (3.11) we write which is the inverse of the correlation time Teope 304 1imits the integration
. -1 ;
p =0 +§5 and consider first that part with p. The negiect of 5in the integral over r essentially to r < ﬂma» The neglect of the t?-term in the argument
) . A : . . -1
results in imposes the condition _smnﬂamxm << morwith = =T and (3,19)
+ou t'-t, -1 R
3 — , R r =1 << Zng . 3.20
250t - w.ﬁ dtwltet' ) {I_(t,t)) + M do i (Ep (tD))  (3.15) B corr (3.20)
which is considered in more detail. Since we start out in a heavy-ion . Furthermore, by replacing Pggl(t-T) by pag{t) = M (t) in the integral on the

imaly Lhe condtions
i.e. Wwﬁwa = 0, we r.h.s, of {3.15) we imaly ihe conditions

collision with the ground-state occupation probabilities,
have enly to worry if omnﬁdﬁmﬂoﬂ% terms can built up during the collision

B
— y B 3.
process and affect the mean value o. Tcorr < Tioe (3.21)
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The consideration of-the linear terms of G leads to a less restrictive

condition. Usually one regards the condition Mzamhﬁvﬁmwwﬁ << 1 which is
B

equivalent to 4WM11 <€ T1.c OF (3.21) as sufficient for the validity of
the weak-coupling limit. Introducing the expression (3.26) leads to
g .2
(1o ) .
corr
1 .
T+ (g 8 vm - B30
pmncxs

SUUNCIER

which seems to be somewhat less restrictive than {3.29) because of the smaller
. . . 5 B
contributions from high frequencies ﬁspm,no11 >> 13,

3.3 Inclusion of two-body collisions

In the previous sections residual two-body interactions have been

negiected. The collision term on the r.h.s, of {3.22)

_AM:E = W 2 Re [de T TN, i) (3.31)
o

"[=n,(8)) ng(t) = n {£)(1-ny{t))]

describes the dransitions due to one-body couplings only. In this subsection
we obtain the two-body collision term diagranmatically in analogy to the one-
body expression. A rigorous derivation within the time-averaging procedure
will be published separately [32]. The gain or loss terms of xhuv can he
associated with the diagram shown in Fig. la. The corresponding two-body
diagram is given in Fig, 1b where qg«ummﬁﬁv denote the two-body matrix
elements Axpx+“<_xmxmv taken with the single-particle states Xy cf. {2.5).

Taking all exchange terms into account we find the corresponding analytical

expression
(2) - T -3 =
_AQ {t) m.)M:mN Re %Q.:_ _\Q{ummﬁﬁvqmmu o...%ﬁ ) =V

Q«umm:t‘wm.gﬁm:ﬂ p

(3.32)

* L= () (o (60 (B(1) - n (t)n (€)(1-n (t))(I-n (1)} .
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Mixed terms containing U and V are neglected because they do not add up
coherently and therefore are expected to give only a small contribution to
mza\wﬁ. By performing the time mamwmmm in analogy to the derivation ef

{3.22) to (3.24) we find

caa.maﬁﬁwcm@.g<ﬁﬁ-mq = <p<um@ﬁﬁv¢mm.n4Am|+H man-A5m<m%nv4| ﬁa«mwvﬂu
{3.33)

with
Ea.«ma:v = €a<+ gy = _ﬁmm+m4t €," mJ_L\_._u {3.34)
ﬁm<mnﬁﬂu = Em<m9_® . {3.35)

We note that the correlation time for the two-body matrix elements is determined
by the difference in the slopes of all four energy levels. As in the case of
one-body couplings we have assumed in deriving (3.33) that the corresponding
two-body matrix elements <p«.mmﬁﬂv evaluated with the single-particle wave
functions ¢, are smooth as compared to the phase factors,

The two-body collision term {3.32) appears to be quite similar to the
expressions derived recently [6,10] in connection with extensions of TDHF,
However, there are considerable differences in detail. In [6,10] the collision
term has been evaluated by appTying statistical assumptions about the two-body
matrix elements. It is shown in [6] that the ensemble average of the full
correlation function v mﬁwvc

oY 4B BE oy

seguent treatment leads essentially to an expression where our aa«me of {3.39)

is replaced by the sum of the single-particle decay widths. In [10] and in our

{t-t} leads to a fast decay in t. The sub- .

time-averaging procedure, the memory of the collision integral is determined by
the time-dependence of the single-particle levels. This also gives rise to a
small correlation time for the full correlation function. However, the application
of an ensemble average as performed in [10] and our time average leads to
different results with respect to energy conservation in the collision term

{cf. next subsection and $6).
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4. Equation of motion for the collective variable

S0 far we have introduced the collective variable q{t) as a free
“parameter which has to be determined from some general property of the
system under consideration. Since we describe a closed system with no
external interactions it is necessary to determine q{t) such as to conserve
the total energy, i.e.

dE/dt = 0 | (4.1)

Within the shell-model approach the total energy of the system is

)
given by the sum of the ground-state energy £{(q) and the excitatien energy
0 o
E- €= Tr {H{q)[o(t) - 5(q)1} {4.2}
where mﬁgv denotes the mwocmmnwﬁmﬂm density matrix. Thus (4.1} becomes

.0 )
q sb/aq + Tr {q s#/sg [o(t) - mﬁnwuw

(4.3}
= -Tr {#{q) [p - &Wm\mnuu =0

The r.h.s. is zero (i) because ip = [t,p]1 and the invariance of the trace
with respect to cyclic permutation and {ii}) because Tr =¢3u_wm\mnu =0 as
is obvious in the basis of eigenstates of H{g). In writing down (4.3) we have
neglected the time-derivative of correction terms 1ike rearrangement energies
and correlation energies resulting from residual two-body interactions.

In order to obtain an equation of motion for q{t) we expand {4.3) in

powers of q and § as

$ 7o AR e, + S et + L.

{4.4)
nmﬁnv+mm+zm+Wmﬂn+...Hno

and identify the coefficients of the lowest-order terms with the

force F{q,t}), the friction coefficient £(q,t) and the mass parameter M{q,t} of

collective motion. The neglect of all other (higher-order) terms gives the

classical equation of motion

- 18 -

0
Nq + & = wm +F . w.mm q {4.5)

for the collective variable q(t). In the following we evaluate the dynamicat

force F', the triction coefficient £ and the mass M by considering the lowest-

order terms in q and § of (4.3) explicitly. The ground-state energy mﬁgu can be

caltculated for exampie by employing the method of Strutinsky [331. The next

subsections are concerned with the derivation of general expressions (§ 4.1)

and the discussion of the adiabatic and diabatic Timits (§ 4.2).

4.1 General expressions

As in § 3.2 we consider the time average of Tr mﬁmx\mnuﬁuﬂnu-whavww
in order to eliminate fast oscillating terms which should not enter the
equation of motion for the collective variable. We svaluyate the trace for

the basis states xgﬁa.ﬂu as defined in (2.5},

Tr {(3fi/39) o (t)-8()1}= L <elotfaale> tp{D)s o3 ()

+ A wl. v ._uu ﬁbnmv
mtw ol s 2}

where <alA|8> denote matrix elements of A with respect to the state

ep,em defined by (2.1}, The matrix elements mamﬁnu of the ground-state
density is alsc defined with respect to the basis states 3, Using (3.8)
for the non-diagonal elements of p(t) we obtain in analogy to (32,22) and
within the same approximations for the r.h.s. of (4.6)

1]
I <ald/agla> n_(t)- aE(9)/3q
« @ (4.7}

P T
NWmﬁsmﬁﬁv-:pAnug xmwaﬂ dna_mn_mvampﬁﬁnaummpﬁﬁ.av
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. wd =3uw T2
. W* W 1)
Ma) = § (ngn )iea| sglen” L _ESR (4.16)
oA _“Eo.\m.TH.Q\mu
2w T
£(q) = - Qm%mm (4,17)
Ast+ﬂgmu

where the relation <g|a/:

[ > = <g|sH/3g[a> has been used. In the

Eﬁm

Timit of uniferm motion {translation, rotation) we have Tya = 0 (since

msgm\wn = 0) and hence, the familiar result for M{q) as in the cranking
madel and £ig} = 0 (becavse enm+ 0} is obtained. In the mm;mﬂmd case of
adighatic single-particie motion the applicability of the formulas is re-
stricted to extremely slow collective motion. This is due to the assumption
of constant matrix elements <zioy/ag|g>. More precisely, the characteristic

time for the change of these matrix elements fs given by _eem_\_p as is

Ew_
obvious for the Landsu-Teaer crossing [25,26]., This time has to be targe

compared to the averaging interval o and the correlation time ﬁ%wuﬁ_agm_mv-p.

Thus Twﬁm_\ﬁaﬂm_ L ."Ju.m by m

leading again to M{g) = M

em_ nsm:xﬁ:m and

£{q) = 0, However, the ccllactive motion is restricted to extremely small

velocities as implied by the condition _epmux_sgm_ << Juw

wg For a gquasi-
crossing of two adiabatiz levels this amounts to zero jump probability, cf.
{3.27). This is consistent with the ohservation [24] that any perturbation
theory for the jump probability between adiabatic levels is not Jjustified,

in contrast to the jump probability for diabatic levels as discussed in § 3.2,

(b) As mentioned in § 2 the dicbatic limit is of large practical importance

in heavy-ion collisions whenever the collective energy is larger than = 0.03 Mey
per nucleon. Diabatic states are generally constructed in such a way as to

keep the nodal structure unchanged. As a result these states have rather
constant matrix elements <a|a/aglg>. Moreover, for naighbouring levels we

have <afs/3q|g>=0. In evaluating the time averages for F'{q), M{g} and ¢(q)

- 22 -

we consider the matrix elements <al3/3qfe>, <a{dH'/aq[8> as constant

“over the time intervals @ and "% and use the relfation Aa_wxo\wg_mv =

ap
emgap_w\wg_mvﬂ The results are

a
F'ig) = = Mﬁmmaxmg + <a|3Ht/sgiar) n, + 3E/3q » {4.18)
o
Ma) = T (ngn) [<alasoglenfz ——2E_ TR
a,8 & we  4r2
ofi ap
£(@) = I (ngn,) [<aieh'/aqles|? aelag (4.20)
we B (36" Tog)

where terms are neglected which do not add up coherently in the double

sum over o,3. In the limit of uniferm motion (H' = 0Q, . 0) the results
become equal to the cranking model for the mass parameter and E(q} = 0. It
is important to note that the leading term of £{q) which is proportional to
|<a|3/3q|8>|2 vanishes identically. The expression (4.20) is small in
fourth order and hence, according to the discussion below {4.12), should

not be considered here, Furthermore, we expect 3H'/3q ¥ 0 by construction

‘of the neighbouring ﬁmegm_ $ T,g) diabatic states, such that the friction

coefficient generally becomes negligibly small in the diabatic limit,
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The inverse local equilibration times for mwmﬂ = 0.005, 0.01, 0.02 and

0.04 {which e.q. correspond to total excitation energies of 50, 100, 200
-1

Toc
2.9 Me¥. These values for the inverse local equilibration time are approxi-

and 400 Me¥ for A = 250) are, respectively, =0.36, 0.72, 1.44 and

mately equal to the estimates from the mean free path as given in [3].

5.3 Averaging interval

With respect to the diabatic single-particle basis we can consider an
m<mmmm¢=m interval « for the coordinate q = r. This interval x must be small
encugh to justify the 1inear approximation for eamﬁgv and the stationarity of
the coupling matrix elements U and ¥ (cf. {3.25}) as assumed in the derivations
of §§ 3 and 4. Numerical studies of the diabatic basis 1277 show that « = 2fm

is reasonable. With {5.2) we thus obtain

Tog = _cu_pm*m = luo/ric s 2 Mey (5.6)

for the mean inverse correlation time (3.19) where ¢ = of has been used,
The condition for the justification of the weak-coupling 1imit and the Markoy

approximation of the collision terms in §% 3.2 and 3.3 is (cf. {3.21))

s

Tee © Tioe™> 1 - (5.7)
From the values for Amon given in § 5.2 we find F& 1oc = 6+2.8, 1.4 and
0.7 for mwmﬂ = 0.005, 0.01, 0.02, and G.04, respectively. Thus the condition
on the averaging interval is satisfied roughly for collisions which lead
up to 1 Me¥ per nucieon energy dissipation, 1.e. for example up to 250 Mev
above the Coulomb plus contrifugal barrier for the total mass A = 250 of a
heavy-ion coliision.

The averaging interval « in coordinate space r corresponds to a time

interval @ = «/r. For the initial stage of a heavy-ion collision we have

F ~ 0.05 c and hence & = 0.2 May ™t {(=1.3 - Ho-mmmv. This value satisfies

-2 -

the condition (3,20} and increases with decreasing velocities. However, an
upper Timit {cf, (3.21}) is given by the local equilibration time

because we have excluded the oceupatisn probabilities mmannu = snnﬁv from
the averaging process.

The derivation of the equation of motion in § 4.1 also imposes an upper
1imit on the averaging interval ¢ or o - k/F. Since the average leavas the
terms up to first order in t unchanged we expect the choice « = 2 fm to be
sufficiently smalt such that the collective motion is described correctly by

(4.5) with (4.10) to (4.12),

5.4 Qualitative discussion of the injtial energy dissipation

We conclude from (5.3) that the initiai stage of a heavy-ion coliision
is characterized by the diabatic single-particle motion unt1] the radial
velocity has been siowed down to r ~ U.0L ¢. According to § 4.2b this diabatic
motion is essentially free from ovdingry Friction which could dissipate
energy. Thus, kinetic energy can only be lost through the dynamical foree F°
given by (4.18) which is non-conservative because of the explicit
time dependence of :paﬁvD Introducing the retarded solution (4.14) for the

occupation probabilities this force is given by
t-tg 0
F'(q.t} = - Mﬁmma\mgw f o dr K (tstot) + 3E/3q {5.8)
o o

which formaily can be divided into conservative and dissipative parts by
considering the time-reversibie and time-irreversible contributions. The
non-locality is determined by the local equilibration time.

The energy dissipation can be pictured as follows. Starting with some

equilibrium distribution for the occupation probabi

ities {e.g. corresponding

to the ground state if we consider the initial stage of a heavy-ion collision)
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For collisions close to grazing where the interaction time adzﬁ
considerably smaller than Toc? "€ therefore expect undamped collective
metion to dominate. This does not mean that the collision is elastic.
Since the diabatic motion corresponds to isoscalar giant vibrations,

such modes -can be strongly excited in the collision.

1) Dissipation stage:

This stage is connected with the time interval around M dt’ \Agonﬁ Yol
where the essential dissipation of collective kinetic m:mﬂm« takes place.
(111} Local equilibriunm stage:

For w an_\d_cnﬁﬁ_u #> 1 the system is always close to Tocal equilibrium,
The Mmsmmﬁmcﬁdmnﬁ4<m energies have been dissipated during the dissipation
stage such that the noﬂﬂmnﬁi<m motion is stow, Furthermore the temperature
is high and correspondingly T10c is smatl. ln this stage the ordinary friction
force as given by (5.12) should be a good approximation to the retarded

friction term. A11 completely damped components of deeply inelastic collisions

are expected to go through this stage.

- 30 -

6. Summary and conclusion

We have fntroduced a theory of dissipative heavy-ion colilisions within
a time-dependent sheli-model approach mmw¢=m the residual interactions into
account, The time-dependence of the mean field is described by a single
collective variable q{t). The generalisation to a set of collective variables
is straighforward. The formulation has two important ingrediences: (i)
a time-dependent single-particle basis and (ii) a time-averaging procedure.

The time-dependent single-particle basis is defined according to the
collective motion in such a way as to reduce considerably the one-body
coupling terms in the Liouville equation. With the introduction of these
dynamical basis states a major part of the interaction is treated quantum-
mechanically. An important feature of the dynamical single-particle levels
is the frequent occurrence of level crossings for realistic values of the
collective velocity, Thus, for fixed values of the single-particle occupation
probabilities, the time-dependence of the single-particle levels {s responsible
for the direct transformation of collective kinetic energy into intrinsic
gnergy whichacts as a conservative potential on the collective variable.

Time averaging is introduced as a natural procedure to apply on the
macroscopic or callective motion which by definition shoutd be the slow
medes of the system. In connection with the time-dependence of the single-
particle levels the time average introduces irreversibility 1n the macros-
copic equations of motion and justifies.-the use of the weak-coupiing Timit
and the Markovy approximation in the basic collision terms, These coilision
terms conserve not only the total occupation probability {i.e. conservation
of total mass and charge) but alsc the total energy.

The time-averaging procedure applied here is different from the iterative
time smoothing introduced by Balian and Veneroni (341 in their extension

ot TDHF. We yse time averaging in order to eliminate from the macroscopic
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