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duration of the interaction time. = The angular rotation during diffusion is

experimental evidence suggests a hieral:chjv of characteristic times in the

. art .
Diffusion model predictions for kinetic energy, mass, angular distributions
and Y-ray multiplicities in heavy ion induced reactions

o L. G. Moretto
The Department of Chemistry and Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720, USA

Abstract: In the“ present formalism the d:.lffusioh along ;:he Fmass asyunne;ry
coordiuaﬁé hés been generalized by refinilig the treatment of the:radial' and
angglér motion necessary for an adequate reproduction of the kinetic energy
and angular diétributions- The radiai potential is used to evaluate the

radial force. The interaction time and the average penetration for each

‘f-wave are estimgted. The diffusion calculation is then carried out for the

calculated for each fragment on the basis of the tangentialu energy. Tﬁe

résulting average deflectjion function shows the deep inelastic rainbow

g B F
“observed experimentally. The rainbow angle moves from positive to negative - g?gsjéééééf '
angles with increasing bombarding emergy. Good ég:eement is obtaine(? for gg;‘;gf:ggg
the average final kineI;ic energy as a Ifunction of angle. The calculated . §§§§§§§§§§ A
A distr:'gbgtions become broader as the excitation energy increases. v 'I‘he‘ ;;ggégffgf é
angular distributions for individuai fragments show the charécteristic "‘- g§g§§§§ :

disappearance of the side peaking and thé development of forward peaking

as the distance in Z from the projectile increases. The calculated Z angular

and Y-ray multiplicity distributions are successfully cpmpared with the.

experimental data.

Introduction
Heav§ ion reactions have provided substantial evidence of relaxation

mechanisms, associated with a number of coll'ective'degrees of freedoél). The -

relaxation of i:hese‘ modes:. From- faster to slower, oné can list the neutron-
to-proton rai:io of the _fragments; their relative motion, the fragment intrimsic
rqtatibn and the mass asymmetry of the system. The relaxation of the asym-
metry mode extends well into times when all the previou'émodes..have essentially

reached equilibrium.’ -

*This work has been }httially supported by the Niels ﬁoﬁr.hstitute, Copenhagen,
and partially supported by the U.S. Energy Research and Developmept Administration.
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It is useful to think of the system as a reaction intermediate or

-

;un;erm iat i 2) which during its lifetime undergoes equilibrstion

cesses which -are interrupted at various stages of completion at the t:lme-“

perturbations in the. collective motions. One is then led to believe, from
- this_ and other experimental evideuce9 that the time evolution, at. least
:"'for “the: slower modes, msy be diffusive -n -1ts nature.aud describable in’
" terms of ‘the: Haster Equation or its equivalent, the Fokker-Planck equat:l(.zn?’).
‘ It is the purpose of this paper to present a simple model which tries
; to describe specifically the time evolution of the mass asymetry degree of
;freedun. As it is not possible to experimentally isolate this particular e
mode from’ all ‘the others, the médel must account for them to ‘'somé extent.’
A brief sumaty oflthe relevant physical facts followsu). .The
experimental data are consistent with complete dissipation of the radial
» .« kinetic .energy. ,while the tangential kinetic energy seems to be dissipated
” - to a ‘lesser‘deg.ree - This has the consequence that for large impact param—
eters there is less energy relaxation than- for small impact parsmeters.
B There is some indication that the interaction time increases with
.,1 (1,4)

radial velocity which shor.rs that such a time arises from

- a dynam:lcal rather than a statistic.al ‘mechanism. Such a dependence is
inferred from the increase of the mass or charge distribution widths with

' - ,,bombar' inglenergy and from the decrease of the same widths at constant

Y energy .with increasing angular momentum. ) Of course. the alternative

i

explanation of such a feature may. 1ie in' the dependence of the diffusion

=N

form factor - upon- rad:l.al penetration. The‘tvo explanations, are not mutually

.o exclusive as will be seen below.

~

"l'he ‘ross angular divstribution is characterized by a rainbow {(deep

"rainbow) which'inoves from positiy'e to negative angles as the




energy (and the 1ifetime) increases. As this occurs, the angular distribu-
tion evolves from side-~peaked te forward-pesked q'). Again th',el o"rera]_l effect o
may be duie to an increase in.lifetime as well. as in ~an'irierease in.the "
angular velocity resulting from the angular moment\m inerease and in ‘an-
average decrease of the moment of inertia with increasing average radial
'penetration .

A simple correlation can be established between the expermentally
deterted short and _long interaction time patterns and the ratio E/B
of the- entrance_. channel ld.netic energy ‘and the interset-iqs bsrrier.
For E/B < 1. 5 we observe the short interaction time regime. cha.racterized
by side—peaked angular dlstributions and narrow mass or charge rlistributions
peaked at the projectile A, or Z. TFor E/B >_ 1.5 one enters the long inter—
actien't:i.me regime, with 'fomard-peskea'angular distributions flnd very hroad )

charge or mass distributions.

S

A wost interesting feature, strongly supporting the diffusion picture,.
'is‘ the dependence of the angular distriﬁution upon the mass or chatge of
the emitted fragmenél"’? If the gross distribution is forwarci—peaked the
~ individual fragment angular distribution becomes less foward—peaked as_
the distance. in Z from the projectile incieases. If the gross angular dis-
_tribution is side-peaked, the individual fragmeht angular distribution

evolves from side-peaked to forward-peaked as the distance in Z from the

[Sroj'ect.ile increases, as can be seen .iu' fig’. 3. These teathres are
due to .the progress,i‘ie time eeiay intrbdseed by diffusion in pepulating
_coni-:iguratietis_ farther ahdvfsrther away from the.entrane‘e channel eonfigura-‘

-~ It is this set of properties that the present 'l:heory shall try to

reproduce, -

The diffusion equations

We assume ‘that the intermediate complex has a shape close to that of

\

" mn




f he twofz ragments. - We further.

z' = z+i: >and’ -311 the quaht:l.t:l,es‘ are

:ln ,‘1‘ ' (1) one wr:ltes.

coaT 43 . ‘az

H’hich :I.s I:he well—known Fokker—Planck equat:l.on

2)

(5) The quantit:les "1 and

st nd second mmnent of the transition probabil:lt:les.

f?hA,(z}h)dh' : “uz th b S
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2
: _ 172 2et M- cih-h, exp-ct/K]
¢(h,t) = ¢ [ZnT( ]_ K )] exp - 2T(I-exp-2ct/K) -

w.herev'we have made use of the Einstein relation ].11/].12' = - Vé/ 2T and T is .

)

the temperature.

The transition probabilities

From genu:al phase space considerations one can consider the following
ansatez- for the transition probnbilities(z) . .‘
) A(z» z' ) A(z,2") Py = Kfpz/(pzp ,) T where A(z~z.') is. the micro-..,_
scopic transition probability, Py is the final state density, kis a particle
flux and £ is the. window area between the two fragments. This can be

rewritten as - ';

A(z h) -‘f exp - V. hIZT ’ o ‘ (6)-

The Fokker—Plan«:k coefficients can then be calculated:
] ' . :
W o=- 2:: sinh V, /_2'r e — Kf !I~‘l'1‘ 3 Wy = 2¢f cosh _vilzr = xE (7)

which for largv T satisfy the Einstein relation. ’ -
Such an‘iansatz implies for the friction coefficient' K= %f .

4
Alternatively i\_‘E the particle transfer between two fragments with chemical

poteéntial diffell“‘ing” by an energy a = V'h is considered, one. can write:

. i dE\ ‘ i - 1 . .
A(z.’h) - VA\!fl + exp(e-a)/T ‘(1 “THexp E/T)
| Voo ' . ®

where A is some strength constant and g the average single particle level

.
i AgV3h
1 - eXp - véh/'r-

7

-density. The final \result is: . - :

o : Ve o : . .

R R e AL SR

again satisfying Athe l':é‘instei:i relation. The friction coefficient is: K= t.
The two approaches lead to different results, namely the first predicts a ‘

friction coefficient proportional to the temperature, the second to a constant.

oo -
'
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‘lcf fndo ‘Znanq.v(l;) S ,v k (10)

" m,h" r_e:n - 'is the particle.f,lux'in nuclear ms’tter at saturation demsity,
Foa% ’
o i

the two fragments b is the skin thickness and \b(z,‘) 15 a universal function

":I'.’s‘a re'duced radius-'expres’sed in terms of the central radii of

depending upon the separation between the sharp surface of the two fragments
in, units of the~ surface thickness. . This approach neatly factors out the
' - geometrical features of the probl .

- The- asymetry pote.nt:l.al energy

In general the potential energy of the. intermediate complex as a

function of Z can be written as .

e

Pro :.,(‘z,z)'_ + Y - 1 + V (11)

vLD represent the liquid drop energies

on' 9. nd on the distance between centers D. At ‘low values of “all of

Y1 parameters, V monotonically increasef from 2 = 0 to 2 sym where it reaches
!. ‘D increase,,the second derivative st Z goes through‘

ges .sign.f thqs.for ‘large vaJ;ues of these—p_arameteré,’




" value of A it then decreases until it reaches a minimum at z '.

V initially :I.ncreases with Z, it reaches a maximum at some intermediate

~ The dnving force which arises from this potent:l.al depends dramatically

on the ent+ance channel asymmetry, as well as on x, %, D. It may either

_drive the eystem towards symmetry or towards; extreme asymmetries. For a

reaction like 600 MeV Kr + Au the driving force is in the direction of

symetry'lnost of the tin\e. In fact, the potential energy vs mass esymnetry‘ .

for this and similar reactions can be approximated by a parabola. The

knowledge of ithe I!.-dependent secondv derivative at the minimum and of the

position of the injection_point‘ allows us to use an apprgix’i.mate 'analytical )
solnt:lon (eg. 5) to the Master Equation, thus greatly simplifying the. . - -
calculations. »

The radial and tangential motiou

Both the diffusion constant and the asynnnetry potential energy depend
upon the distance bet{reen the two fragments. This distance ie controlled
by the radial mot:lon of the system, Furthermore»the exten‘t to which the
diffusion proceeds depends upon the interact:lon time. One needs then to
study the radial mot_ion in some detail. Unfortunately such dy'namical etudies
available in literature appear to be inadequate for our purposes. We shall

therefore 1imit ourselves to an extremely simplistic treatment which, however,

respects the exper:l.mental evidence closely.

The radial potential can. be wr:Ltten as:

2@ e’ 2,2
2y o’ nlgy

V(D) = Prox D gf )

a2

ﬂﬂ.) being an appropriate moment of inertia.
It is not very clear how much the fragments must interpenetrate before'
the above‘equation breaks dbwn This makes :lt d:lfficult to formulate the o,

dynamical problem which, among ‘other things should give the time dependence

of the rat:lal penetration of the two fragments x(t 2) and, the average interaction
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time - t(2).- Such a probl :l.a unfortunately far from settled.. For: the 8.

=

< Fp (2) at ’the interaetion distance D R (2.) =.V(D)/3D

. From the

i.n int

D,

kanLedge;'.'at'5il.'nt'eraetion'rad:l.us',f of the redileed mass:U; of the radial
véioé’it& vi ‘and of “the 'r,"adial‘if,drce' Fn—wfor each %. value, one can introduce
the following two ansatz for the interactiom time T and the average penetra-

- -

tion X:°
S R : o 1/2. S 2
S , - 2uv, gy Jorm——— 2 - UV,
CO () = = = 22ED) (1 - ) BEIORE 5 ol
U : : R R '} R
. max

For relatively small radial velocitieg, the functional form of the interaction

£

time dependa little upon the radial friction. The same cannoct be said for

the average penetr_ation. ~ In order to evaluate the latter we rely on a
free paraneter a; - When better ‘dynamical caleu]:ationa become available
it will be a trivial- matter to substitute the ansatz in eq. 13 with more
reliable, expreaéions'.. | ‘
3 The diffusion ‘valdns the asymmetry coordinate is then allowed to proceed
. with a form factor ;lependent upon x(4). -for.a time T(2) .

_.The tangential motion: :l.s treated assuming for the equation of motion

i ;the simple formt;,
F = uv(m mRig
where m and mRig are the two limiting orbital angular velocities corresponding

"to sliding and sticking - We then obtain for the angular velocity

!w—uu (m -mkig)e
”and for the- angle of . rotation during the- interaction time:
O-MRi. t+y (m "’Ri (1 exp -yt)

B Such a- formulation allows us to evaluate the exit channel kinetic energy,




The overall angle of rotation is calculated by adding the Coulomb orbit
contribution from the entrance amd exit channel.

All the equations are trivially modified for deviations from the
entrance channel asymmetry.

The constant Y 1s chosen such as to approximately reproduce the mean
kinetic energies as a function of angle assuming that -all of the radial
energy is lost,

Results of the calculations

The interaction times calculated for the reaction Au + Kr at three
energiles are shown in fig. la as a function of angular momentum. There is good
experimental evidence for the angular momentum dependence predicted by our
ansatz. It is interesting to notice the rather mild average increase in
lifetime with Increasing bombarding emergy. In Fig. lb.t:he average deflec-
tion function is shown. Notice the well pronounced deep inelastic rainbow
which moves from positive to negative angles as the bombarding emergy increases.
The 600 MeV curve, predicting a rainbow angle of about 50° ig in excellent
agreement with experiment. The movement of the rainbow angle ;oyerds smaller
and eventually negative angles results from the combination of three factors:
i) increasing lifetime; ii) increasing angular momentum; iii) decreasing
average moment of inertia due to the increasing average penetration. In
figs. 2a,b the calculated angle-integrated Z disl:-r:l.butli»ops a_arevucxompared with
experiment for the reactions Au + Kr and Ta + Kr at 620 Mev(l). The agreement
is reasonable over more than two orders.of magnitude. Some' of the apparent
discrepancies arise froﬁl the fact that the expepimental angular distributions
have been integrated over a fixed angular range. In figs; 4a and b, examples
of the angular distributions for'fragment;s} :-f‘var:lrm‘xs Z are ‘shown for bothl
reactions. The theory nicely tracks the experiment in'predict::l.ng forwai'd
peaked angular distributions at small Z's which develop into side-peaked

angular d:l.st:ribut:ions close to the projectile. For Z's above the projectile,




S 10.
c e~ their side peak ‘and retirn. forward

’ction of both the Z distributions and the

' 'angular distributions shows that the calculated dependence of the interaction

- times and of the diffuaion constant upon angular- momentum and radial velocity

“is reasonably good
There ‘is an additional confirmat:lpn of the validity of the diiiusion

W

model. B The intrinsic angular momenta for each asymmetry have been studied
by measuring the Y-ray multiplicities as a function of z( ). Our model can
readily predict’ the toia:_]; average angular ‘momentum for a given Z. Its
parti-tion betveen_orbital and intrinsic_ components depends on details of

the exit’ channel ahape“that the preae’nt model d'&;S not predict explicitly.
llowever we canasaume an arbitrar'y ahape, Vlike two touching rigidly rotating
spheres in order to calculate the angular momentum’partition, well realizing
that this assumption will completely fail close to the projectile where .
,rigid rotation is certainly not attained, not even in our model. Rigid
rotatibn is mo‘at lihely a good approximation two or three Z units away from
the projectile. In- fig. 3 the estimated multiplicities and the corresponding
widths are shown together with the experimental data(s) » The experimental
data are corrected for the sequential fission occurring in the heavy fragment.

. ‘The rise of the multiplicity -at low Z's, expected for rigid rotation at constant

‘ ‘angular momentum, is not seen in the calculation nor in the experiment. The
reason lies in the driving force towards symmetry. much stronger at high than
_'at lowl.angular momentum. The diffusion process ‘therefore selects out low
Qengular momenta to populate the low 2 configurations with the consequent low
velues of the y-ray multiplicity.

- There are t:wo puzzling and possibly related difficulties. The first
is the’ wrong dependence upon 2 predicted for the Y multiplicity. The second

iy’ the nearly isotropic distribution of y-rays as a function of the angle

L 'measured -from an axis perpendicular to the reaction plane rather than the-




expected W(B) = (1 - cos%) for stretched. E2 transitions. The solution of

the puzzle lies presumably in the depolarizing effect of dynamically generated
angular mcmentum in the deep inelastic process.
In conclusion it appears that the present model is able to reproduée in

a near qrantitative way a large amount of the new features associated with

deep inelastic processes and that a greater and more profound effort is necessary
in order to describe the complex dynamical features associated with the radial

and tangential motion.
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Figure Captions

Fig. 1 Top. Dependence of the interaction time upon angular momentum at
three bombarding energies for the reaction Au + Kr. Bottom. Average
deflection functions for the same bombarding energies.

Fig. 2 Angle integrated Z distributions for the reaction Au + 600 MeV Kr
(a) and for Ta + 620 MeV Kr (b). The dots are the experimental poiats
and the solid line the theoretical calculation.

Fig. 3 Angular distributions of fragments of selected Z for the reaction
Au + 600 MeV Kr (a) and for Ta + 600 MeV Kr (b). The dots are

the experimental points and the solid lines the theoretical calcu-
lations. .

Fig. 4 Experimental and theoretical y-ray multiplicities as a function of
Z. The large band represent the theoretical widih (¢ ¢) which is
also plotted in the lower part of the figure.
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