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DIFFUSIVE PHENOMENA REFLECTED IN THE CHARGE AND ANGULAR
DISTRIBUTIONS OF N, Ne,’ Ar, Kr INDUCED REACTIONS*

L. G. Moretto**and J. S. Sventek

Department of Chemistry

and
Lawrence Berkeley Laboratory
University of California
- Berkeley, California 94720

ABSTRAci

The presence of diffusion processes in heavy ion reactions is
argued on a theéretical ground by pointing oﬁt the limitation of a Lagrangian
approach to the_time dependent processes. The Master'Equation is used to
describe the diffusion of the probabilityvdistriﬁutioﬁ'along the mass
asymmetry coordihéte. Calculations of the probability distributions as a
function of time have been performed for mahy heavy ion reactions. Experi-
mental evidence of diffusion is shown to exist in the c¢harge and angular
distributions associéted with a large number of heavy ion reactions. It
is shown that thefdeep inelastic procesées occurriﬁg in lighter systéms,and
quasi fission observed for heavier systems can be interpretéd in te%ms of

the very same mechanism. A comparison between the theoretical calculations

and the experimental data is shown.

* Work performed under the auspices of the U.S. Energy Research and Development Adm.
**Sloan Fellow 1974 - 1976. | |



INTRODUCTION_

In retrospeét, looking at the state of nuclear physics béfore the
renewéd interest in heavyvion reéctions, oné appreciates the fact that
relaxation processes, while not quite unknown, represented a small though
reasonably well documented chaptér. Such a chapter cpntained,.for.instance,
doorway states, giant resonances of various multipola:ities, pre-equilibrium
emission 6f particles, etc.

Yet,_the complex series of phenomena uncovered by heavy ion reac-—
tions, which noﬁ_appears to be due to relaxation processes associated with
varidus'coliective modes, caught us by surprise. _In-this new'light, nuclear
reactions indgced by conventional projectiles seem.to be even more polarized,
since their'interaction time covers only the extremeé”of a wide time range
that is now béing filled By the heavy ion.reactions.- On the one hand one
has the direct reactions, involving times comparable to oné single particle or
collective periéd, and exciting but a few nuclear dégreesvof freedom, with
the consequent small degree of inelasticity.  On the o;her hand, one has the
long-lived compound nucleus whose iﬁterﬁal modes are in statistical equil-.
ibrium and for which all the information regarding time dependent processes.
is obiiteratéd by thermal death. From these.considerétions it is now being
realized that tﬁe.chapter of nuclear physics covering relaxation processes,
and time dependent processes in generai, still remains to be written.

The first and best advertized process observed in heavy ion reac-
tions is that associated with a dfamatic loss in kinetic energy experienced

(1-4) Names like deep inelastic, strongly

in the target projectile collision.
damped, or relaxed processes have been associated with the -usually large

fraction of the cross section where an extreme loss of kinetic energy is
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microscopic level by various authors and is not completely clear as yet.

order to describe the kinetic energy dissipation.

-3-

~ observed. The mechanisms by which the energy is dissipated and presumably

" transferred into the internal degrees of freedom has been discussed at the

(5-7)
Phenomenologically, macroscopic quantities like viscosity or friction

coefficients have been introduced in a classical Lagrangian formalism in
\ .

(8-13)

" In most processes observed in heavy ion reactions, a short-lived

‘intermediate structure manlfests itself which we have chosen to call "inter-

(14 15)

‘mediate complex" in analogy with chemical reactions Such an

interﬁediate complex seems to be fully thermalized in so ‘far as the entrance
channel kinetic'energy is coocerned, and completely equiliorated with respect
to all but the slowest degrees of freedom, like the mass asymmetry mode. We
haye occasionsilyrused for it the shape.of two spheriealvliquid drops in

contact. This definition should be taken only as a tentative and qualitative

description of the intermediate system.

A few essehtial'features point towards the equilibrium aspects of
the intermediate oomplex, like the completely thermaiized spectra of the
relaxed cross section. The charge-to-mass ratio of the fragments also seems to
bebe equilibrated at fixed mass asymmetry as suggested byrecentexperiments (16-17)

No information regarding the equilibrationi(orvthe lack of it) of
higher muitipole oegrees of freedom is available as yetf

Strong e&idence is available for the lack of eqoilibration along
the mass asymmetry coordinate which appears to be the'siowest mode. This
evidence comes from the detailed study of‘the charge distrioution of the
partlcles emitted in many heavy ion reactions and from their angular distri-

(18 24)

bution The dependence of the angular distributions upon the atomic

" number of the emitted fragments suggests that the system tends to equilibrium
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' ' (14,19)

in the mass asymmetry degree of freedom by means of a diffusion mechanism.

The .analysis of the angular distributions and of the charge distributions in
terms of the Master Equation has led to the determination of the lifetimes as

(14,19-24)

well as of the diffusion coefficient. Similar analysis of the

charge distribution and kinetic energy distributions in the quasi-elastic

(25-26) It

region ﬁave Beep attempted in terms pf the Fokker-Planck equation.
seems now that tﬂe present body of evidence points towards a picture where
diffusion is thebprevailing process. In other words, it.appeérs thét_a

strong coupling limit between collective and intrinéic modes is established
in‘preference to weak coupling which could be more simply described in terms of
classical motion in collective phase space.

It is the pﬁrpose of this paper to analyze'a éuitably choseﬁ’body
of experimentai.evidence collected by our group at Berkeley in order to show
the extent to which the diffusion mechanism can be established in the relax-
ation along thevmass asymmetry mode.

In the first section, the problem of time dependent processes in
nucleivis qualitatively discussed and the-various theofetical approaches to.
it are briefly_analyzed. In particular the role of the.internal degrees of
freedom is stressed and their connection with the diffusion mechanism is
pointed out; ’Ihe.Master Equation is theﬂ discussed and applied to the
problem of rela#ation along the mass asymmetry coordinate. Probability
distributions are obtained for some of the systems studied expefimentally
and are discussédvin terms of the potential energy curves.v A general
.equation describing-the angular distributions as a function of Z ié presented.

In the second section a brief discussion.on the experimental kinetic
energy distributions_is given and the extent to which thevkinetic energies

are thermalized is illustrated.

3,
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In fhe third‘seétion a detailed analysis of the Z distribution
is presented for the reactions Ag+N, Ne, Ar, Kr; Aui;Ar, Kr; Ta-FKr. The
evidence fof lack of equilibrati?n in the mass asymmetry mode is discussed
in terms of the potential energies and of the decay times.

The fourth section deals with the angular disfributiohs for the
above reactions as a function of ﬁhe Z of the fragment. The most direct
evideﬁce of the diffusion process is found in the transition from side peaking

‘to forward peaking.as one moves away in Z .from the ﬁrojectile in the reac-
tioﬁs Au+Kr and Ta+Kr. Examples of theoretical angular distributions and
a comparison with the ekperimental data are shown. |
SECTION I: Theoretical Considerations on the Description of Time Dependent

Processes in Nuclez.

The Ingredients for a Collective Description of the Nucleus-Nucleus Interaction

As the experimental time-dependent processes involve collective
degrees of freedom, it seems natural to investigate the various quantities
thch may enter in a theoretical description as a function of a suitably
chosen set of'coilective coordinates. The liquid dfop model has made the
mapping of the potential energy quite easy for conneétedashapes. Furthefmore,

(27) 28) nicely take care of the

the proximity'forcé approach or similar treatmenfs(
interaction betWeep sefarated or slightly overlapping.nucléi.

| The potential energy, cpmplemented by shrewd'gUesses about the
inertia matrix, allows oﬁe to treat the problem in terms Qf classical dynamics.
The experimentélly observed dissipation of large amounts of kinetic energy
assaciatéd with the entrance channel suggests the introduction of frictional
‘or viscous forces in order to complete the dynamical description of the

(8-13)

system.



The Lagrangian Temptation

t

One can try to describe the time evolution of the system by means

of the Lagrangian equation of motion:

d 3L _ 3L _ JF

dt aai 3q .aéi

where L 1is the Lagrangian expressed in terms of the generalized coordinates
. an iti 1. :
q; d veloc;tles a

1 e e B :
L = 5§ m. 4, 4q, - .
7 I omyy ;95 - Va9 ,q,..0)
1,]

and F is the dissipation function
1 ' . e
F = = 2 a.. q q.
2oy B

For a given set of initial conditions, the equations of motion can be solved
and a trajectory'in coordinate space can be obtainea;r Bétfer yet, one haé a
Imore complete appreciation of the dynamic evolution of thé system by consid-
ering the tréjectory in the collective phase space (pi,qi).

Unfortunately, in the approach outlined above, one has tacitly
dismissed (or,covéred up) the fact that the collective phase space is but
a small section of the overall phase space. The only 1ib service paid to
the existence of such an underworld of degrees of freédém is‘the dissipation
function, which relegates the function of these degrees of freedom to a
dumping ground for the energy in the collective motion without any feedback.

It is easy to show that the role of the intrinsic degrees of freedom is in

fact more active and substantial.
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The Revenge of the Underworld, or the Effect of Internal Degrees of Freedom

If we reconsider the collective phase space as a section of the
total phase spaée, one immediately appreciates the possible weakness of the
Lagrangian approéch. Let us cgnsidef an ensemble‘of systéms, all with the
same initial condiﬁions in the collective coordinates and momenta, but with
unspecified (random)_initial condifions for the intriﬁsic-degrees of freedom.
When projected in the collective phase space, the trajectories associated
“with éach of the systems in the ensemble have their originvin common, but
tend to diverge from one another as the time goes on, bécause the set of the
overall initial cdnditioniis différent for each system. ‘In other words, the
time evolﬁtion of"aisingle system is not completely predictable in so.far as
the initiél condiﬁiohs are not completely specified. Thus one is forced to
abandon the deterministic description of a single system and is led to consider
a sfatistical description of an ensemble of s&stems in terms of a £ime depend-
ent probability distribution in the collective phase spacé.

Despiteﬁthgse consideratiéns it is well known thaf‘in most cases the
Lagrangian approaéh;‘modified to include the dissipatién.function is quite
adequate, and that fluctuations about the mean value in the observed dyﬁamical
quantities are ﬁegligible. Therefore one must estaﬁliéh under which Conditiqns
fluctuations can be neglected. |

" General Coudideratiohs About Statistical Fluctuations .

Let us éonsider first a macroscopic fluid at equilibrium. For such
a system, the fluctuétions about its equilibrium point.along any colleétive
coordinate involvévan amount offeﬁergy'of the order of kT. This compares with
the total energy E of the system which is of the order NkT, where N is the
total number of degreeébof'fregdom. This means that the r.m.s. fluctuation

along a collectivé:coordinate is of order VE/aN,
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where a is the stiffness coefficient; .forbN°‘1023 this fluctuation is

small indeed unless a=0. This is why we do not commenly observe sizeable
fluctuations in the shape of ordinary objects at thermal equi1ibrium. in a
nucleus, N is of the order of a few hundred and further reduced by the

Pauly principle to Néff =N éij, where €p is the Fermi engrgy and T is

the nuclear temperature. For typical tgmperatu?es of a few MeV, Neff is

of the order of few teﬁs.' Thus very sizeable fluctuations are to be expectéd
along the nucleap'coilective modes.  Furthermore, since.significant variations
of the potentiai'energy along a nuclear collective coordinate are of the
order of a few MeV, it féllows that the equilibrium statistical distribution
along nuclear céofdinates may be so complicated that it does not lend itself
to a description_in'ferms of a rapidly converging momentvexpansion.'

Now let us come back to the dynamical problem;. An initially cold
macroscopic syétem wi£h an assigned initial kinetic energy.frictionally'-
dissipates such an energy, which is taken up by the interﬁal degrees of freedom.
Since the sbecific heat Cv + o, the ratio kT/Ekin is extremely small and the
feedback_from the'underworld is negligible. As the system loses energy, it
moves toward an eqﬁilibriuﬁ position following a well defined trajectory
and,.once it reaches it, will stay there. A Lagrangiaﬁ tfeatmeht is perfectly
édequate for such a syétém. Fof the nucleus, things are different. As the
initial kinetic.energy is transferred to the internal degfees of freedoﬁ,
the temperature quicklylrises to values comparable witb the remaining
- kinetic energy. ‘The fluctuations are now so sizeable that they severely
perturb the colleCtiVe motion of the system in a random fasﬁion. An ensemble
of nuclei will therefore follow. _ trajectories which rapidly diverge,
generating an. ever ﬁbfe complex distribution'in phase space which, in time,

will merge into the broad equilibrium distribution.
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In conclusion, strong viscous forces associated with small heat

capacities mll generate a sizeable dispersion sbout a lagrangian trajectory.

The Master Equation as a Viable Treatment of Diffusion

A treatment which describes the time evolution of a probability distri-.
bution along a given coordinate is offered by the Master Equation. If ¢(x,t) is
the probability distribution in x at timevt, its time‘evolution is given
by‘. . .

e = faxt A 0G0 - b, 0p&ND]

where A(x,x') is a microscopic transition probability‘énd p(x), p(x') are
the density of states associated with the collective variable at x,x'. By
expanding ¢ and p in terms of (x-x') and retaining terms up to second

order, one obtaiﬁs the Fokker-Planck eqhation:

. 2 :
b0 = (6 (G0 + —fx; CRATICRO

In this expression, C, and C, are the "drift" and the "spread" coefficients
which can be related to the moments of the transition probability
X')n.
T

b = faxr Ao GmE”

. The equation in very tramnsparent. If ¢
is a Gaussian, the first term translates the Gaussian along x and the

~second term . increases its width.

Application of the Master Equatioﬁ

| We haQé applied the Master Equation to the‘problem of diffusion
along the ma§s.asymmetry coordinate.(l4) Let $(Z,t) be the probébility distri-
bution associateﬁ with a configuration of two touching fragments, one of
‘which has atomic nﬁmber Z (we assume‘equilibration in the neutron—to—protoh

~ratio and we label the asymmetry by Z since this is the quantity we measure
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for each fragment). The Master Equation can then be written as:

$(z,0) = T A @up, - 0,00
4

where Azz' = xz'z is the microscopic transition probability, pz and P+ are
the level densities associated with the asymmetries Z and Z'. The latter
quantities can be written as

| -V /T
p, = PE=-V) = p(Ee

where V_ is the potential energy (including the rotational energy) of the

intermediate complex with asymmetry Z;p(x) is the nuclear level density;

-1 9&np

and the nuclear ﬁempefature T is given by: T = 3% . The Master

. x=E
Equation can be rewritten as:

. o(EE,_, [ -V /T v _,/T \
¥z0) = k] <§ re f-p e ” )
. Z' (pzpz') Z . Z v ,

/2

where ‘we have set Azz' = K fzz'/(pzpz')l ~and fzz' is é form—factpr equal
to the area of ;ontact of the two fragments in the intermediate complex.
The sum over Z' can be limited to the values Z' = Z* 1 which implies an
independent particle model and an uncorrelated transfer of nucleons from
one side to the other éf thé intermediate complex.

Calculations of the probability distributions have been performed.
for some of the reactions studied experimentally. The key quantity that
must be known is ‘the potential energy of the intermediate complex as a
function of Z. These potential energies have been calculated by assuming

that the intermediate complex can be approximated by two touching liquid .

drop spheres. Examples of such calculations are shown in Figs. 1 through 4,



together with cqﬁtbur maps of the.probability diStribution'as a function
of time. In Fig.vi:the case of Agt 20Ne at 252 MeV bo@barding energy and
=10 is qonsidered; Since the injection point is to the ‘left of the
Businaro-Gallone peék, tﬁe probability distribution drifts rapidly toward
"low Z's. It also Spreads quite rapidly due to the flattening of the effective
potential V/T caused by the high temperature and, asAthe:time pfogresses,
more symmetric cpnfigurations are populated.

The case‘shdwn in Fig. 2 is the same as in Fig; 1 but for &= 100;
In this case'thevinjection poinf is to the right of the Businaro-Gallone
peak, (hotice the splitting of the'Busiﬁaro—Galloné peak in two éomponents)
and the disfribqtion dramatically drifts towards.symmgtry‘althéugh the spread
of the distribﬁtion poéulates the lqw Z's even more répidiy.

These examples, together with'those sﬁown in Figs. 3 and 4, will.be
diséusSed later wﬁgn the experimental data for the corresﬁonding reactions
will be conéideféd. For the moment it suffices to observe that:

i) The diffusion process depends strongly uéon ﬁhe potential

energy and that rapid variations in potential energies
are seen for various £ waves in the same reaétion.
ii). The high tempefafures prevailing in these reactions allow
forvé;subsﬁantial spread of the distributions;‘so that a
Lagrangian approach would miss essential_aspeéts of the time-
depgndent process; | |
_ Sincé?%Lr ultimate goal is to obtain angﬁlar.distributions as a
function of zZ, we have to combine the time-dependent probabili;y distributions
with the dynaniés'in the other degrees of freedom. -if we assume the inter-

mediate complex lives a time t after formation, we can write an expression
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for the classical deflection function (8), which is now a function of time.
If the probability for the complex to survive a time t for a given impact

parameter is T(t;b), we can write:
. 2 i .
’ __M_ = . (Zsbst) »
FaaE B0,0= 2b B() T(rsp) it "

b : SIHVIEE

where P(b) is the probability that such an impact parameter be associated
with a relaxed pfocess; the sum is extended oVer those impact parameters yielding
a fragment Z at the angle 6 after time t.

The differential cross section can now be evaluated as:

vc.lo i 820 :
- E.(Z’e) = j dt 50 3t (z,6,t).
' 0

Examples of these calculations are shown in Figs. 24, 25 and 26.

SECTION 2: Brief Comments on the Kinetic Energies
The kinetic energy spectra in heavy ion reattions systematically
presenf two components: A high energy éomponent, genétigally traéeable
“to fhe energy of the incoming beam and thus commonly called "quasi-elastic"';
and a low_energyvcomponent, indistinguishable 'in many respects from a
compound nucléus gpeétrum, called relaxed or deep inelastic or strongly
damped. The fifst of the labels is perhaps more daring because it implies
a "complete" thérmalization of the spectrum, the secondrand the third are
equivalent but hdncommitai as to the éompleteness of the thermalization
process. | ‘- E ‘ e o Ta
Some examples of fhe kinetic energy spectra can be seen in Fig. 5,
where both componeﬁts can be seen. It sﬁould be remarked that, in line
with its more "direct" nature,. thé quasi-elastic coﬁponent is Visible‘close

to the grazing angle and for fragments close in Z to the projectile, while
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the relaxed compogént'is observed at all angles for all fragments. There
will be more‘qpportunity tovappreciate tha features af the kinetic energy
distributions ia-some cbntour maps of the differential ¢ross saction

a 0/8E86wﬂu&ﬁ1w111 be discussed below for different reasons. However it

is difflcult to re81st the temptation to show Fig. 6 obtained from the

(23)

Dr. Wilczynski.(zg)

reaction AutAr, which can be compared with that made fambus by

In this figure a croas section ridge is seen to move
from the grazing angle towards 0° while the energy is'décreasing due to
frictional 1osses;f'Such a pattern vividly suggests partial orbiting with
the traJectory mov1ng from p031t1ve to negatlve angles. A comparison with
31m11ar plots for the reaction Au+ Kr (24)(F1g. 23) shows that in the latter
case no orbitipg is evident and that the trajectories are confined either
to the ieft or to the right hemisphere, Qitﬁout evan crossing the 0° plane.
Since we are particularly interested in the'behaviqr of the relaxed com-
popent of the cross section, some general features of it should be given.
In Fig. 7 the most>probablé center of mass kinetic energiea and the associ-
ated widths are presented for the reaction Au+ Kr as a function. of -‘the atomic
number of the ftagﬁent. In the same figure, the fragment energies expected
from Coulomb repQIaion are also shoﬁn. No attempt to'fitathe data is made,
therefore no dorfaction for particle emission has beea pétformed on the
data, nor is the rotational energy accounted for in anyIWay. ‘Our main
interest is in showing two points: a) the independence of the center of

mass energy from angle; b) the essentially Coulambian origin of the

kinetic energy.
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SECTION 3: The Charge Distributions

At first’sight,_fhe charge distributions shoula reflect the extent
to which relakatioh along the mass asymmetry degree of freedom has progressed.
And, in fact, this is true in the case of rather short iifetimes. In such
case the decay aqcurs when the mass asymmetry degree pf.freedom is far from
eduilibration.as ih the reactionsvof Au and Ta+ Kr (séa_Figs; 13 and 14,
and compare'With-Figé. 1 to 4), for which the Z distributions peak at
or abaut the prqjectile, and the lack of equilibration is immediately
appreciated. |

More cdmplex is the case in which the lifetime of the intermediate
complex is 1ong_anough to allow for a substantial relaxation along the mass
asymmetry que. ﬁith tﬁe disappearance of the projectile peak 15 the
probability distribution, one loses the most visible.indiaation of incomplete
relakation."Again,:this can be cleafly seen in tﬁe theoretical calculations
shown in Figs. i;fhrough 4. The inspaction of the individual Z distributions
.in the reactions Aé+-N, (21) Ne, (22) Ar, 1) Kr (31> (Figs.»8-10, 12) and
Au+ Ar (23) (Fig..llj shows various features which, at_first sight, may be
interpfeted aS“éqqilibrium features. For instance, frgm'the ridge line
poteatial energies (Figs. 1-4) one can obtain a guess regarding the shape -
" of tha.equilibrium Z distribution. It is possiblé toIShaw that the Z
distribution Y(Z).should behave as

Y(2) = K(Z,%) exp (-VZ/T)'

where Vz'is the ridge-line potential energy, T is the ridge-line temperature,
and K is a quantity which should depend weakly on Z,‘on angular momentum £
and on the temperature. Conséquently, regions of low potential energy

should correspond to large cross sections and vice versa. This can be
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verified in the case of Ag+N (20) and Ag%—Ney(zz)(Figs, 8,9) where large

cross sections'ere seen for low Z's and low cross sections are seen for
intermediate‘Z's;'close‘to symmetry.. Furthermore, the Vz/T effect can be'
observed“in a number of cases as a general flattening of the‘Z distribution
at higher bombarding energies. Yet, when these distributions obtained in
different reactions are compared w1th one another, it becomes ‘evident that
they still bear information regarding the entrance channel asymmetry. For

instance, the reactlons Ag4—N (21) - (22)

Ag+Ne, ag+Ar D (Figs. 8,9,10)

should produce 51milar compound nuclei and should be‘charecterized by

similar ridge lines. However the exnerimental chargeQdistributions show

an excess.cross.section in the light‘Z region for the first reaction (Fig. 8)

'end an ever decreasing cross section with increasing Z. 'The second reaction

also shows large cross sections at'low~Z's, decreasing mith increasing Z up’

to Z 12~ 14_follomed by a slow increese of the crossfsection for higher

Z's (Fig. 9). The third reaction instead does not show any 1arge cross

section at low z's{ Rather the cross section monotonically increases with

Z (Fig. lb). The complete inversion of the charge distribution pattern from

the N prOJectile to the Ar projectile may be attrlbuted to the change 1n the

entrance channel mass asymmetry.' An 1nspect10n of the ridge energies and

to the-entrence channel mass asymmetry clearly 1llustrete the case (Figs. 1-4).
The injection point for Agd- N islfound on d steep slope leeding

towards the“lightest Z's. Thus one should eknect a drift in the diffusion

process in this direction, which is ekperimentally‘confirmed in the great

" abundance of llght ‘products.

In the case of Ag+ Ne the injection p01nt is very close to the top

of the Businaro—Gallone mountain, perhaps slightly to the left, depending
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-upon the angular ﬁomentum (Figs. 1,2). Therefore the diffusion again proceeds
to the left towa;dé lighter products, but also toward fhé heavier products
in the region of symmetry. This is shown in the diffusion patterns in
Figs. 1b, 2b, and;is confirmed by the experimental distributions whiéh
show high cross sections for small Z's and an increasing cross section with
increasing 2 tqward the symmetric splitting.

In the case of Ag+Ar, the injection point ié to the right of the
Businaro-Gallone mountain (Fig. 3). Therefore the system diffuses more
easily towards.nearAsymmetric configurétioﬁs than towafd'very asymmetric
configurationsv(See theoretical calculgtion in Fig. 3b). The experiment
confirms such a theoretical ekplanatioﬁ‘by showing a cross section monotonically
increasing with‘z. |

Very litfle information is carried by the Aﬁﬁ-Ar_Z'distributions,
which are monotonically increasing with Z, with thexexception of those
measured close to the graziné angle where a sharp peak is observed at Z= 18.
These large cross sgctions for Z's closest to the préjectile are characterized
by incompletely relaxed kinetic energy distributions.

(

Also for the reaction Ag+Kr 3D (Fig. 12) the Z distributions are
monotonically iﬁcreasing with Z as far>as symmetry. In phis case tﬁe
injection asymmetry is only fivé_atomic numbers awéy froﬁ symmetry and
consequently it‘éppears that the system has diffused at least that far.
This, of course; doés not imply by itself full equilibration; because neither
the width nor the detailed shape of the distributionvmay-be’corresponding
to those expected from complete relaxation.

In fact for all the distributions discussed sé far, the best proof
of incomplete équilibration is provided by the angular distributions,'as

will be discussed later.
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Still;'éven'after such a confirmation ﬁas been obtained, one still
may worry abbﬁt-the extent to which real compound nucleus fission may
contribute to the observed distributions. This is feally a very serious
problem because, as we have shown elsewhere, (14) even a 1/sind angular
distribution does‘not guarantee a compound nucleus origin. This can be seen
in the theofétiéal angular distributibﬁs shown in Fié. 25 where the limit of
1/sinb is attéined without even invoking the cOmpouhd_nucléus mechanism.

It is conceivable that excitation functions asva function of Z may help‘to
solve the'mysterj; but the avaiiable data are not sufficient to reach ény.
cdnclusions asjyét.

/ In contrast with the préviously discussed reaétions, the reactions

induced by very heavy. ions on heavy targets are charactefized by charge

distributionsvSharply peaked at, or close to, the projectile. This is the
N (24)
a

case for the two reactions which we have studied, namely Au+Kr nd

Ta + Kr. (32)

Their charge distributions (Fig. i3, 14) éfe remarkable in

many ways. A féirly sharp peak at the Z of the projec;ile is seen in a narrow
angular region corresponding to the peaking in angulgr distributions. At more
fqrward and backward angles, the distributions are bréader and it is difficult
to decide where tﬁe‘distributioné are actually\peakingﬁrvThis is particularly
true of the séboﬁd reaction. Since the sharply peaked‘chargé distributions
are characterizéd by kinetic energy‘distributiqns which are not fully
relaxed, we havé sfudied them for yarious windows in the kinetic enérgies.

The results are seen' in Fig. 15. At large kinetic enefgies, one dbserves
narroﬁ distfibutions, shafply peaked about Z= 36. Asvthé_kinetic energieé
become smailer;'the distributions become broader élthougﬁ the most probable

value seem to stay fixed at Z=36. One is tempted to interpret these
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features in terms of the diffusion model: Large kinefic'energies and small
widths in the cﬁarge distributions should be cﬁaracteristic of short 1ivés
and vice vefsa (see Fig. 4a,4b).
| Another remarkable fééture observable in the charge distribution

is the following: Sharp distributions are observed at intermediate angles;
broader distribﬁtions are observed -at forward angles;‘andveven broader
distributions are observed at the more backward anglés'kfigs; 13,14). in
terms of the diffﬁsion model, one can identify the sharpést charge distri-
bution as the&oﬁngestbecause the  system has had no tiﬁe to diffuse to any
great extéﬁt,‘While the broadest charge distfibufions_qah-be identified as
the oldest, becéuse of the large amount of diffusion that appears to haye
occurred. The»pééﬁliar fact is that, moving from backward angles to forward
angles, one encounters in the order: old distributiéns; young distributions
and middle age dié;ributions. The stfange in§ersion*df sequence éeems to
be due to a; impéct parametér effect. Let us assume thét the lifetime of
. the intermediateiéomplex decreases rapidly with the impact parameter, which
~ is not unreasonable for a variety of reasons. Then 6nefﬁas for the‘decéy
anglé.the follﬁ%iﬁg very crude expression: |

N ° - = . —-—
180" - 6 = K;b + Kyb(T, - 0b)

where the b is the impact parameter, K.b is the angle between the beam direction

1

and the line connecting the fragment centers, bi is the angular velocity,

0

the angle versus‘b curve is a parabola. This shows that the systems with

and T, ~ ob is the lifetime of a complex with impact parameter b. Therefore,

small impact parameter are emitted at rather backward angles and are

characterized by the longest lifetimes. Thus the Z distribution is expected
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to be broad or in_dther.words, "51d". The systems with maximum impact -
parameter will be emitted at intermediate angles and, because of the shortest
lifetime, wili giﬁe rise to very young Z'distributions. Finally, the
systemsvwith intermediate impact parameters will be emitted at the

most forward anglee'and, because of their intermediate_lifetime, will give
rise to middle-dged angular distributions. :This is welivreproduced_in the

calculation. leading to Fig. 26.

SECTION 4: The Angular Distributions

Reactions Induced S? Ar and Lighter Prdjectiles*ane the Reaction Ag+Kr’
The'angelaf distributions, being»so sensitive te'short interaction

‘times, gave tﬁe,firSt alarm regarding thevnoﬁ cdmpound.ﬁucleus nature of

the relaxed crose.seetion; This was especially ﬁrue fof the reactions induced

(1,14,18,19)

by Ar and lighter'projectiles, or for that matter, for the reaction

(3D where the charge distributions gave only an ambiguous answer

of Kr + Ag,
regarding fhe degree of equilibration along the mass asymmetry coordinate.

As can be seen in Figs. 16-20, the center of mase angular distributions
" appear to be genefally forward peaked in these reactione, especially for
fregments close.iniZ to the projectile; S N

This, by itself,-is very significant in ‘many respects; tTo begin
witﬁ,'there is some memory effect which couples’entrance‘and exit channels.
The intermediate eomplex can distinguish the forward from the backward direction
in a way that a:com;bund nucleus cannot, irresbectiye.of'its actual lifetime.
The intermediate complex lifetime, of course, must be reiatively short with

respect to the mean rotational period; not too short though,rotherWise the

system could not rotate enough to cross the 0° 1line and would give rise to
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a side neak; not too long, otherwise the éngular distribution would become
symmetrized about 90°. |

The presence of a smaller backward peaking in some of the reaction
prnduété suggeS§Sthat in a substantial fracﬁion of the cases the rotation
.proceeds through zero towards the most backward negative angles, and perhaps
even through 180° . Therefore, a qualitative guess:nould set the lifetime of
the intermediate conplex at a sizeable-fractinn of the mean rntational period.

Another implication of the forward peaking associated with relaxed
cross sectioné is that the relaxafion of the kinetic energy occurs on a time
scale short both with respect to the rotational periqd as well as with
fespect to thé mass asymmetry relaxation time. However, the most informative
feature in the angular distributions in reactions induced by light projectiles
and including.the'reaction Ag+Kr, is the dependence of the angular distri-
bution upon the atomic number of the fragment. This effect is particularly

(20) (22) though it is present in

visible in fhe feantions Ag+N and Agi—ﬁe,
all the other reactionms. In all of thésé reactions, the forwarn peaking is
stronger for fragments ciosef in Z to_the projectile and decreases for fragments
substantiélly removed from the projectile. This phenomenon finds its quali-
tative explanntion in the increasing time lag, introduced by the diffusion
process, in the popnlation of configurations farther énd férther removed

in nass asymmetry:from that associated with the target-projectile combination
(injection nsymmétry). In this way, fragments close in Z to the projectiié.

are rapidly populnted by the diffusion process (see Figs. 1-4) and can

fapidly decay, thus generating a substantially forward—peaked angular

distribution. Ffagments farther removed in Z from the_projectile are

populated on a longer time scale, so that their decay'time is delayed. Such
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a delay allows»the system to rotate for a longer time,:which résylts in an
increased tendency for the angular distribution to beéoﬁé more and more
symmetric at about. 90° . '

This feétﬁre appears to various degrees in thélﬁarious reactions.
On the one hand one sees a very rapid symmetrization in Ag4—Ne and Ag+N.
as one moves from the projectile to.fragments four or five units higher in Z.

(21) (3D) one observes

On the other hand; in Ag+ Ar and even more in Ag44Kr,
a very small de;rease in the forward peéking as oﬁe‘mdvésvfrﬁm thé pfojectile
down in Z by as '_mﬁ'ch as 10 to 20 wnits. o

It apPearé that these variatioh; in trends qaﬁwbé'trécéd back to
the effect of the‘potential enérgy uﬁon the diffuéion_prdéess. Let us first
' considér reactioné iikebAgi-N and Ag-FNe. Both of thése.reactions are
éharaétérized by very sharply beaked aﬁgulér distribuﬁions which rapidly be-
come symmetrized_as one moves above the Z of the préjectile. ~Por instance, in
Ag+Ne the aﬁgular distribution for Z='15 is alread&-df‘the formfl/sine.
The reason for such an asymmetric behavior for fragmeﬁts above or below in
Z to the projectile_can be readily appreciated by studying Figs. 1 andb2
where the potenpia;'energy of the intermediate.cbmpléXMis shown as a function
of the Z of onejgf thetfragments. ‘The injectioﬁ aé&mMétry for both ofvtﬁesé
systems for most éf'the % waves is to the left of the Businaro—Galléne_ | |
mountain, on a'sgges slope leading to extreéme asymmetfies.' As a‘conséquence,
diffusion popﬁlates the lower Z's very fépidl& beéauSe of-the>fast drift
impbsed by thé stéep_potential enérgy, as'illustrated By tﬁe theoreticél
~ calculations Shoﬁn in Fié. ib. This results in sharply'forward peaked

angular distributions.. Conﬁersely; the Z's above the projéctile must rely

for their population on the spréading uphill of the ﬁrbbability distribution,
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which is clear1y ; much slower procesé. ‘The reSulf is a very rapid
daméing of the.fqrward peéking as éne moves above the Z of the projectile.-

An intermediate situation if found in Agi-Af; The injection asymm-
etry is now Slightly to the right of the Businaro-Gallone peak (Fig. 2a).
As is well illuéfrated by the theoretical calculatibn‘éhown in Fig. 2b, the
diffusion feels ﬁhe rapid descent of the potential energy_to fhe left of
the BusinarOfGallone peak, even tﬁough the potentialvenergy tends to drive
the system towards symmetry. As a consequence, the low Z's are still populated
rathgf early inbfime, though not as fast as in the pfevious cases;‘ This gives
rise ;ovmdderately forward peaked angular distributioné.becomiﬁg less
sharply peaked as one moves towards smaller atomic numbérs. The theoretical
calculations éhowﬁ_in Figs. 24 and 25 réprbduce the effects illustrated
above both qﬁalitéiiveiy and quaﬁtitatively. ‘

An interesting feature is visible in the Auﬁ-Ar'angular distrib~
utioné (Fig. 19)...In this reéction the injection asyﬁmeffy is found to be‘
to the right of tﬁe Businaro-Gallone mountain, on é Steép slope which drives
the diffusion‘tOWards more symmetric configuration. Remarkably, the angular
distributions reﬁgin.forward peaked from Z=18 to Zé{Zé, as many as eleven
Z units above tpe'p;ojectile. In comparison, in thé;feéctions Ag+ N and Ag-+Ne,
the forward.peaking disappears after only four to fivg'étpmic numbers'above
the projectile;' Therefore the inversion of the drift~iﬁbdiffusion associated
witH an ihversion'in the slope of the potential energj‘with respect to the
~mass asymmefry-sgéms to be well confirmed. The expected'oppoéite effect of
decreasing sharpnéss in the forward peaking for Z< 18 is not Qerified'in the
Au+ Ar feactioni . In fact quité a sharp forward peakingris obsef&ed for these

products. Yet, differently from the fragments with Z >18 whose kinetic
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energy speétrum isvfu11y relaxed, the_fragmgnts witﬁ Z2<18 havevquite
broad kinetic energy spectra with mean energies well aﬁOQe the expected
values. . - , . . K i

AThe Agi—Kr_reaction.is in all respects similar to the reactions
observed with iighter prqje;tiles (Fig.‘20).~.The ipjection asymmetry is close
- to the symmetry minimqm of the potential energy. Thejpéténtial_energy
remains relatively flat over a fairly large‘range of asymmetrie$,1méking
the spreading of the population towards atomic numbefs_smaller_than the
. projectile avrglafiyely,fast process} Hence the moderately forward peaked N
angular distributiéns whose forward peaking slowly dééreases as one moves

towards the 1igh£ér fragments.

The Reactions Induééa yy.Kr on HeavziTargets“ v
When‘tﬁ§ ?éadtions of Kr on heévy‘targetsAyéfe-first obseryed, (4,30)
the sharpness df tﬁe:mass distributions associated with_the side peaking of
the gross angulaf4distribution$ appeared tq}be so extraérdinary that they
were thought to be a completely new meéhanismgswhich was;haméa quasiffissibn.
Yet, ;his processkrésembles the deep‘inelgstic processés.described»above
in many respects;A:in_fact it_begame 6ur ambition to prove that there is a
vgontinuous‘connecﬁion between the angular distributions observed in reactions
induced by 1ighter projectiles (or by heavy prbjectiles_on relatively light
tafgets, like Ag%—Kr),Iaﬁd the angular distribu#ions qbsgrved in heavy
projectile %ﬁéavy_target reactions. We arguedvthat thé'side_peqking_in the
grdss angular distribu;ion of the prpdqcts reflected.a.Qéty_short'interaction
time associated with a few Z's about the projectile. quever,_if_one weré_,

to look at the angular distributions of individual Z's,. one should observe
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a progressive ghénge towards forward.peaking as one moveszaway from the Z of
the projectile. In this spifit the study of the reactiéné Au, Ta+Kr was
undertaken; The angular distributioﬁs for individua1 atoﬁic numbers, resolved
up to Z= 50 are shown in Figs. 21 and 22. The effect wé were looking for
indeed appears wifh astounding clarity. Close to Z=:36 a very éharp side-peak
is observed (for tﬁe Z's closest to thé projectile £h¢,separation of the
quasi-elastic éomponent appeared to be impossible so thatisdme of the points
close_to the'maximﬁm of the peak are actually skipped). Such a side peak
implieé an iﬂterac;ion time so shdrt_that the interéédiéte complex doesAnot
have time enoﬁghAto rotate past 0°. Ho&ever, as-one mbves away in Z from
the projectile,-thé'progressiﬁely longer time delay imposed by diffusion
allowé the intermediate complex to reéch closer to O°;'éhdbeVeﬁtué11y to
reach past 0°. Tﬁis resuits in arrapid'filling—ih of”thé_éngles ciosé to 0°,
which slowly trahsforms the side-peak first into a shoulder and later into a
fofward peak. In.Aﬁ4-Kr the_side ﬁeak becomes a shouider symmetrically
about Z= 36, at Z=30 and atv Z=41, The shoulder disabpeérs around Z= 24
and Z =46 where fhé?angular distributions Becomg'forward peaked. Quite
fittingly, in fhe‘;éaction of‘Kr+-Ta, the side peak is less pronounced and
diéappears éarligr. The forward peaking then extends'tb»the extreme Z's,’
both high and low which weré accessible in the presentrmeQSurement. The
theoretical calculétion shown in Fig. 26 réproduces in détail the experimental
effects.

Thus in‘a single reaction, one observes the desired connection
between the side-peaked and the forward-peaked angular distributions.
Furthermore, thé;esSential identity of the processes 6bservedvin reactions

induced by light projectiles (characterized by_forward'peaked angular
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distribgtioﬁs) éﬁd éuasi~fis§ion (characterized by bb;h kinds of angulai
distfibutiohs) is éroved. :Inageneralg the lifetimeé.af:the intermediate
complexes formed:with heavy targets and projectiles afe shorter than those
of the 1ightef iﬁ;grmediate complexes due to 1arger Cohloﬁb repulsion and
centrifugalvforces, Thus the connecting parameter betweé# the-two‘kinds of

angular distributions is obviously the lifetime of thg intermediate complex.

Coﬁciﬁsion

It has been the purpose of this paper to préseﬁtfa caée for diffusion
processes in heavyfion‘reactions. The case has been'@ade_on a qualitafive
theoretical grouﬁd'by pointing out the deficiencies_and.iimitations of a
' Lagrangian aépfoacﬁvand by showing that the.Master Equatiéh naturally handlés
the drift and the spread in the probability distribution along a given
collective coordinéte. Evidence of’diffusion—like phen;mena has been
produced in the qum’of a large amouﬁt of charge distfibutibné énd angular
distributions obtaiﬁed_for a variety of heavy ion reéc;iéns;' The lack of
equilibratiqn along the mass asymmetry degree of freedom of the,iﬁtermediate
éomplex has beeﬁ shown and the Z dependencg of the anguléf:distribution has
~ been interpreteé.ip tefms of the diffusion model. In‘pafticular,.thé essential
unity of the deeinnélastic étpcesses with their forwafd—peaked:angular
distribution and of quasi-fission with both forward—péékédvand'siae—peaked :
angular distributioﬁs has been shown. Theoretical calculafions based upon

‘the diffusion mddelvreprod0ce the experimental data in detéil. 
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FIGURE CAPTIONS

a) Potential energy of the intermediate complex for the reaction

20

the two fragments.

b) Probability

a function of the Z of one of

distributions along the mass

asymmetry coordinate as a function of time. The calculation has

been performed for £ = 0.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.
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100.
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Examples of center-of-mass kinetic energy distributions showing

the quasi-elastic and the relaxed components in the reaction

Ag +
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N at various energies.

(20)

Contour plot of the center-of-mass cross section in the E, 6

plane for Z

7.

19 in the reaction Au-+40Ar at 288 MeV.

(23)

Average center-of-mass kinetic energies and widths of the distri-

_butions as a function of the Z of the fragment for the reaction

Au+8%r at 620 Mev.

(24)

The kinetic energies expected from the

Coulomb repulsion of two spherical fragments is also shown.

8. Laboratory cross sections as a function of Z for the relaxed .
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Fig. 14. Same>as in fig. 8 for .the reaction faﬁ+86Kf;u(32)
Fig. 15. Center;of;mass charge distributions for various kinetic
energy bihg at various lab éngles in the‘reacﬁion'ngAu-+86Kr
at 620 Mev;t'The energy bins for each Z start_SO'MéV below the
’Coulomb bafrier of two touching spheres and incfeaSe in steps
‘of 25 MeV. The highest numbers correspond to the lowest kinefic
enetgiés;   - |

- Fig. 16. Center?of-mass-angular distribqtionsvfof the reaction

. S ‘ (22)
Fig. 17. Same.as in Fig. 16 for the reaction Ag-+ Ne._ ‘
Fig. 18. Samé'és in Fig. 16 for the reaction g-+ A (21)
Fig. 19. 'Same as in Fig. 16 for the reaction Au-% A (23)

“Fig. 20. Same as in Fig. 16 for the reaction Ag-+ K (31)
Fig. 21. Same as in Fig. 16 for the reaction Au -+ bxr (24)
' (32)

Fig. 22. Same as in Fig. 16 for the reaction Ta-+ K .
Fig. 23. ExamplES'of contour. plots of the cénter—of—mass cross

section in the E, 6 plane for various Z' s in the reaction

Au+ Kr.,(gé)

Fig. 24. Comparison between theoretical and experimental center-

qf-mass-angﬁlar distributions for the-reaétion Ag~+40Ar’at 288 MeV.(la)

Fig. 25. Theoret1ca1 center-of-mass angular dlstrlbutlons for: the
reaction,Ag~+40Ar at 288 MeV.(IA)

Fig. 26. Theoreticél'center—df-mass angular.distributiOns for the

reaction Au-h86Kr at 620 MeV.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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