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s °

The most prominent collective modes excited in deep-inelastic reactions are reviewed,

and the natural hierarchy prcvided by, their characteristic relaxation times is described.
A model is preuennd which treats the relaxation of the mass asymmetry mode in terms of
a diffusion process. Charge distribution8 and angular distributions as a function of Z
calculated with this model are=in good agreement with experiméntal data. An extensfon of
this diffusion model which treats the transfer of energy and angular momentum in terms of
particle transfer is described, and is successfully compared with experimental y-ray
multiplicities as a function of both Q-value and mass asymmetry. The problem of angular
momentum transfer s again considered in connection with the sequential fission of heavy,
deep-inelastic fragments and the eéxcitation of collective modes in the exit channel is
suggested. Lastlvy the role of the giant El mode in the equilibration of the neutron-to-

proton ratio is discuseed,

I. lIntroduction B

o
Lno,

On the 40th. anniversary of the discovzry of fisslon,l it 1s certainly fil:l:!.ng to look
back in time with wonder at the legacy that! this extraordinary process~has left us. One
should also recall the struggle for underur.u:ding that has ensued since this discovery. The
spectacular evolution of a nucleus into two new nuclei faced physlcists“ui:h a large scale
nuclear motion that waa hnrdly matched by any well understood collective mode and seemed to

defy any.attempt for a microu:opic explanation. As the shell model and nuclear structure
-flourished under a ateady flow of spectroscopical dat.

~nuclear fission appeared to be a

separate and stunted branch of nuclear physics which was, nevernhelus, uell tended by a I
dedicated and occasionally crowded gathering of believers. It was renlly a "vox clamantis N
in deserto” professing an altbgether new perspective and phenomenology for nuclear physics.

Then came Strutinski,

who pmvided funny hills of potential energy in collective space

to walk on, and other occasional knaves who dared doing .dynamics on them. But the fiseion
process was to remain as mystericus as it was tantalirzing. No matter how much one probed
the compound nucleus, forming -t with a variety of energies and angular momenta, not to
epeak of mass and charge, it Hould undergo fission at its convenience, selecting its own
collective paths in a secretive way well beyond the view of the experimentalist.

What was clearly needed was a way to manipulate the initial conditions more or less
precisely and yet flexibly to test the individual degrees of freedom under well defined
conditionii, possibly one-by-one, 1In fisdion this was never possible. At length (And’ ‘what
length! .. It took well over 10 years ‘after the first heavy ion accelerators became
operational), it occurred to the people of fission penuuion that heavy ions, possibly
very heavy ions, provided the clue to the solution. ‘The recipe: put together two nuclei
with various kinecic energy; mass, charge, neu:ran-:o-pro:on ratio, etc., lnd see what

happens.

What happened; 1,: seens) to us, is now part ot‘ history, and should seem 8o even to the
most stubborn purilu in nuclnr physica, The spectaculsr ‘Phenomenology that has eprung
forth is now well documented in‘hundreds of papers and several review nr:1c1e5.3 -5 Ies
propularity has been confirmed (if it ever ‘necded to be) by the large. investments in heavy-
ion facilities msde by the international physics :wnunil:y

Yet s chnn still exists between the :nditionnl nuclear structure es:shliahmen: and the

logy. The 1 i3 still very different and to some

pxoponents of heavy ion P

the physics may appear slmost unrelated,
The phenomenclogical and macyoscop: ie di

1t may now be possible to diapel such worries.
cription of deeprinelastic processes reveals only

the aurface of a large body of mictoscopic features. \But how do the microscopic degrees of
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freedom, so dear to nuclear structure, conspire to create the stupendous collectlive
phenomena ohseryed in heavy~1an renctlonb’ This is the fundamental quest in heavy-ion
studies and the essence of the many-body problem. It may also -become the final and most
ambitious goal in nuclear_ structured At this point the title of this talk becomes
justified. The deep-ineclastic process may well become, 1f 1F is not already, the most
versatile workbench for the study of the many-budy probiem. a7

In what follows we want to briefly illustrate the salient features of deep-inelastic
collistons and point out the most relevant microscopic implications. Rather than striving
for completeness, ue shall try to present those aspects «hich have particularly attracted
the atiention of our group both experimentally and theoretically. After a schematic
description of the relevant degrees of freedom, we shall concentrate on attempts to
understand the Z distrihutions and, angular dis[rlbur.lons as a function of Z in terms of a-
diffusion model. This approach will guide us rowards the problem of angular momentum and
energy transfer and the one~body aspects of these processes. The problem of angular
momentum transfer will be again considered in the studyjof sequential fission where.?
statistical excitation of collective modes in the exit channel will be suggested. Finally,
we shall consider the effect of the giant EX’mode on the equilibrium neutron>to-proton
ratio of deep~inelastic frngments. o

1I. An overview of the degrees of freedom excited in deep-inelastic processes and

their relaxation times.

Because heavy fon rea:tions 1nv01ve a broad range of interaction times, it 1s useful
to associate a characteristic time with the evolution of each excited collective rinde,
namely the relaxation time. Estimates of r.heze relaxation times provides a natural
hierarchy for categorlzing the varlous collective degrees of freedom. The exerclse obtalned
in estimating chese relaxation times is also very effective in acquainting one with the
landscape provided by heavy~ion reactions. ,Let us first list the degrees of freedom and
try to estimate the relaxation times. The most prominent modes-to dite include the
relaxation of the 1) Relative motion

2} Neutron-to-proton ration
3) Rotational degrees of freedom
N = 4) Mass asymmetry.

! ', a) The relauagics of the relative morion degree of freedom and the emerpy thermalizastion.

Althwugh a’'wlde range uf Q-values are observed in heavy-ion reav r.ions, extending from
zero to nearly complete relaxationm, the strong energy damping is so‘uromlnen: that it has
led to the labelling of these reactions as “"deep-inelastic” process In several cases
when the ratio of the center-of-mass kinetlic energy to the Coulomb hatrler. E/B, is larger
than 1.5, interestifg patterns® are seen in the cross section plotted-as coentour lines in
che total kinetlc energy-angle plane (see Fig. 1), The pattern can be related to the
deflection function 1f one can relate the enecgy Lnss with angular displacement from quasi-
elaatic peak. 1f one assumes that the system roteu:es with angular velocity
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and that the centroid of the quasi-elastic peak decdys exponentially with time, one obtains
a relaxation time given by ' )

N -1
e -8 E(B, )-Eo
T = —i—w [En {—‘L—E(B) — Eo}] @)

where 8, is the grazing angle, € ia the angle of observation, and E(8) is the centroid of the
kinetic energy at that-angle. For a typical system one obtains Tp = 3.0 % 10722 gac, which

. 1y very short time indeed and is barcly larger than a nucleonic period. One may question
“where the kinetic anergy goes. It is remarkable that, for the most part, the missing kinetic
energy is found as fragment excitation energy and the two fragments appear to be in thermal
equilibrim.7~ Figurc 2 shows some results obtained in our l:udy7 of the reaction

340 MeV 4Oac and MEAg, The siuultencous d on of both f her with the
messurement of both kinetic energles, both angles and the Z of one fragment enables one to
reconstruct the average kinematics and deduce the pre-evaporation fragment masses as well as
the mean number of neutrons emitted by each fragment. The results of such en analysis are
consistent with an isothermal sharing of cthe excitation energy. Recent results based upon
the direct measurement of the emitted neutrons shows thet 8hi= thermal equilibrium between
fragments is established for a broad range of Q values.9 !

b) Ihe neutron-to-proton ratio

When two nuclei having different neutron-to-proton ratio come in contact, it is expected
that their neutron-to-proton ratio will change so that the potential energy of the two

-3




.

bl

0

232 ey s o ;"‘"g'.' ..

3

i)
a

3 :
3 10 3
Ea . H
1 E
a &
H B i P
[ H -
o & 2 e
i
1wy b HEE vy ¢
; o - :
AR URECNE TR N TN AR R ) B e e W w2 us sk se
z z
. RN . W e
Fig. 5a Lab charge di{stributlons Fig. 5b Lab charge distributions for
for the reaction 197Au+ 506 Mev Bokr, the reaction Matag 4 732 Mev POky, -
, i 11-13
touching nuclef {s minimized. This has been seen fn several Instances. Even more ¢

interesting is the observation (see Fig. 3) that for a given fragment Z the isotopic
distribution changes as one moves in angle from the quasi-elastic to the deep-inelastic
reglun.3 In the quasi-elastic Teglon the neutron-to-proton ratio is carrelated with that
of the projectile while in the relaxed region the ratio is more typical of the equilibrated
system. Using the same method as above, 6ne estimates a relaxation time of

Nz T 1.3 x 10~ sec., even faster than the relaxation cf the kinetic energy.

c. The rotational degrees of freedom

As two nuclel approach one another, the angular momentum is exclusively concentrated in
orbital motion, During the interaction, the two nuclei can start spinning as angular
momentum is transferred from orbital to intrinsiec rotation. A secular equilibrium {s
reached when the angular velocities of the orbitel and intrinsic motion are matched. At
this poinc the system is said to be rotating rigidly. Rigid rotation implies a definite
partition of angular momentum between orbital and intrinsic motion. Intrinsic angular
momentum can be inferred from the y-ray nul(iglicity associated with deep-inelastic
collisions. In the reaction Matag + 175 MeV 20Ne (see Fig. 4) the rigid rotation limit
1s atrafned at §1ap ~ 90° while at more forward angle rigid rotatlon is not observed.l
Assuming that the events at 90 correspond to trajectories which have orbited past 0°,
one obtains an upper iimit for the angular momentum relaxation time, T 15.0 x 10722 gec.

d. Mass asymmetry

A great vnrietyl"m of mass or charge distributions hive been observed in deep-inelastic
reactions - fros extremely narrow ones for ratios of E/B < 1.5, to very broad ones for ratios
of E/B > 1.5 (see Fig. 5}). As the interaction time increases, the particle exchange also
increases, leading to mass or charge distributions which are progressively broader. Even
at fixed bombarding energy the breadth of the 9 distribution is seen to vary with
angle.l? From the angular dependence of the mass distribution breadth one can infer the
relaxation time: T = 60 x 1074 gec., by far the largest observed so far. It is indeed
the length of this relaxation time, slightly longer than the typical interactien times,
that has allowed a detailed study of the equilibration of the mass asymmetry degree of
freedom and has led to the formulation of diffuaion models.

111. The time evolution of the mass asymmetry degree of frecdom in terms of transport

theories.

The varied pattern of equilibrium and nonequilibrium features characteristie of heavy
ion reactions prompted the suggestion t a diffusive regime should be prevailing at leasr
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for the slowest collective modes. 52% In other worde 1t was ekpected that a slow =,

collective mode like the mass asymmetry would evolve in’A Markovisn fashion toward
equilibrium by maintajning a strong coupling to the heat’ bath provided by all the other
degrees of freedom. The applicability of the Haster equation and of the Fokker Planck o

. equation to the time evolution of the various collective modes has been discussedtin
detail without a clear cut conclusion. However, the success of their application to a i
great variety of features in heavy~ion reactions s undoubtable. Therefore, we shall try :
to 1llustrate some of their applicatfon to the analysis of the Z dis:llbu:ions, angul..r 4
disuihutluns, and angular momen:um transfer.

If we assume that the intermediate complex has a shape close to that of two touching
fragments, the asymmetry of the system can be characrerized by either the mass or the
charge of one of the two fragments. We further; assume that the timé evolution along the e
asymmetry coordinate is diffusive in nature and d\.scribable in terms of the Master Equation: -

bz = fainza sz, oo e, o) ¢

where o(z t), O(Z r) are the populations of :ne configurations characterized by the atomic _
number % of one of the frdgments, and their time“derivative at time t. and A(Z,2'), H(2';2)
are the macroscopic transition prohzbi]itles ~

1f in Eq. (3) one writes Z' = Z+h and all the quantities are cxp.—mdcd about Z in
powers of h, one obtains to low order:

‘ 22 ; T
MZ,e) = - -E [”1°]+E —z' (uzl;t‘lu‘_\\ RO
which is the well-known Fokker-Planck equation \\ Thu quantities vy and “2 in Eq.{4) are the
first and second momen[ of the transition probahilities:

W

= ]‘hn(z,h)dh; Uy = _[h A(Z,h)dh. 5)

The Fokker-Planck equation has smple analytical solutions uhen Bps uz are constants
and for the initial condition ¢(2,0) = §{2-2 )'

sz = (gD -2 exp¥ 12-0z by 12 20, i . )

Notice that the cen(rnld'of the Gaussian moves with velocity p, which cin be related to
the driving force F = -V, and to the friction“coefficient K by the relation: R=uF.
. e ¢ .
When the force ;ls harmonic,
P e 2 1 .2
Vpmg ez)t v g,

an analytic solution is also avatlable:

~1/2

a0 = Mo -enn - 285 .

e »
n[h-ho'exp,-ct/x) , . (

x exp{ - m}

where we have made use of the Einstein relation ullu ==V, /21‘ and T is the temperature.
From general phase space considerations one can consiuer the following ansatz for the
transition probabilities.1d B o , "

A(z,2') = A{Z,2") 0, = (fo /(D a ,) , where A(2,Z2') 15 the microscopic transition
probability, p, is the Iinal state/densl:y, « 1s a particle flux and f 15 the window area
between the two fragments. Thl"/can be rwritten as .

Az, = 26( -V} b2 (8

5
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The Fokker-Planck coefficlents can then be calculated:

- - - » .
n 2¢ f sinh VZIZT =-xcf Vz/T H

U, = 2 f cosh Vz'/ZT x 2§

coefficient:

which for large T satisfy the Einstein relatien.

K=T/kF

In Eq.

ctz [ ado = 2nn Rov(s)

where n

197,04 + 506 Mev

(&)

Such an ansatz implies for che friction

(9) the quantity x f can be considered a form factor for the tramsition
probability, which should depend upon tle overlap between the two fragments.
the idea of particle transfer sericusly, it is possi
is a particle transfer rate, as suggested by Randrup

if one takes

E}e to write such a quantity, which

a0

o 18 the particle flux in nuclear matter at saturation dénsi:y. R=CiCyy(C +C)) is

a reduced radius expressed in terms of the central radii of the .two fragrents, b ls Lhe

skin thicka

sharp surface of the two fragments in units of the surhce thickness.
factors ou: the geometrical -featurea of the p:oblem.

and P(%) is & unlversal function depending upon the separation between the

This approach neatly

In general, the potential energy of the’'intermediate complex as a function of 2 ‘:‘:}:n be

written as

vz, = Vip(2) +,

LD (ZT-Z) +V,

Prox

-6-
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where £ is the total angular momerituri, Vip re;;’resent the liquid drop_energies of the two
fragments, and Vpr'a‘,( is the nuclear interaction or proximity energy. 2 i . o

N
The total potential ¥ dupnnds on the fissinnabnity of the system x, on i atd on the
distance between centers P. At low values of. all of th(

increases. from,Z=0 ta Zsyln where it reaches a maximum.,
derivative at Zsym goes ‘through zeroc and changes sign.
parameters,

The driving farce which arises [rom this potential

channel asymmetry, as well as on x, £, D. It may either drive the, system towards symmetry
or tawards extreme asymmetries. For a reaction like 620 MeV Kr+Au the driving force is

fsel} carameters, V monotonically /i
As x, £, D increase, the second
:hus far large values of these

V initially increases with Z,. 1t reaches a maximum at some intermediate value
of Z, it then decreases until it reaches a minimum at Zgym.

depends dramatically on the entrance

in the direction of symmetry most of the time. 17 The one-body friction has been used with
moderate success to evaluate the dynamical aspects of the reaction. From it .an average

interaction time can be obtained as well as an average
calculation. With these quantities ome cay then solve

window to be used ir-the diffusion
either the Fokker-Flanck or the

Master equation to obtain the charge and ar.fular distributions. The results of a calcula-

tion23 of the latter type for the reaction 197au+ 86kr
to notice that not only are the Z distributions reprod

are shown in Fig, 6. It is rewarding
uced with remarkable accuracy, but

also the angular distributions associated with individual asymmetries. The latter fit is
perhaps the most demanding of the theory., It can be obtained only if the & dependence of

the interaction times and of the diffusion coefficient
will find it relatively easy to fit the Z distribution
in fitting the angular distribution as a function of Z.

are accurately predicted. Any theory
but will have to prove its soundne5<

1V, The angular momentum transfer and the Y-ray. llull:lglici“l‘ies.

Encouraged by this success we can try to study a problem which is intimately related,
namely the dependence of the angular momentum transfer upon Q value and mass asymmetry. 24

The total kinetic energy can be written as
2
L rel(z‘“

v, z) +
Coul @ @

-7
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where !."1 1s the orbital angular momentin in the exit chun!l .19 tl\e reduced: uns. d is N

the distance of the two fragments at lg*iuiun,wlnd z 1§ the atomic mmber of"une ) o

two fragments. It follows that the ubnve problem is' equ'v.lent to drawing the linés of o o N

constant entrance ch-n'vel angular mogentum in the plane o\:he total kinetic energy and of
= the fragment atomic nunber . !-pirlcnl gre-crip:iom sugge: n:ing that such lines are S

horizontal lines parallel to the ¥ lxu appear so dnngernus that.a deeper study is

warranted. \ - cos .

e .. @
If angular momentus transfer (froim orbital to intrinsie spin) 'ia mediated by nucleon
exchange between the reaction partners, the amount of {-transfer must be a function cf the o
number of nucleon exchanges, which is directly related to the 1n[¢rlctien time. Even though
< the average lifetime of the comlex may be short, the fragments with Z's fat. removed from
the projec[ile are sssociated with systems which have survived:the longest. Thus, one would
expect the 2-:rlnl!er for such ny-etries to be very 1arge. For 2-waves mssociated with
longe: interaction times,: one would sxpect the f-transfer to be almost complete, even for = >0
2's near the projectile, since many nuclear, éxchanges will have occurred during the time i
of 1n:eraction, although the net exchange mzy be small. A more reliable conclusion on the I
qualicative and quantitative sspects of this problem can be obtained from a model .
« calculation. ~ ]

Consistent with experiment, it is assumed thallw the radial kinetic energy 1s dissipated
immediately a:/;he interacrion radius {For the lowest £-waves, the inferaction .times S
appear to be long compared to the relaxation time of the radial kinetic energy,.and for
- the highest %-waves, even though the interaction times are short, very little of the *
& kinetic energy is in the radial coordinate.) The analysis is restricted to a systen of
two by an £ distance d(%) dynamically ;deternlned a5 described
farcher on in the text. We need to calculate how the orbitsl 5/,u1ar moment.um (Lre1) 1s
transferred intouthe upins of the nuclel (Ij, Ip) rnn\d the 3 zlonal de\]endence of
1) and“Ty on the asymmetry of the complex-(Z). Th‘)‘ds ~calcul 410 may, be performed in
tyo steps:

] <
B4 1) Ihe l:omp].} initially Bl: -_asymmetry Z,, 15 as ed to ljive a :1{(& t and to decay
with asymetry 2.7 The average raic of change of—,’r.he charge of pucleus 11s ‘1 = (z-Z ) /e e
Since the charge-to-mass ratio has been shown eXperimentally to equlllbra:e on a mucg -
faster time scale than the charge-asymmetry mode, one may write

= 2z, o/t (13)

where A} 15 the mass of nuclelis 1 and o« 1s sthe A/Z:-ratio Lor the composite system. The
average rate of nucleon transfer from one nucleus to the other is given by ny0, where REY
7, is the bulk flux of nuclear matter and ¢ is the effectlve window between the nuclei.. '
By forcing the system to arrive at asymmetry Z at time t, we impose an asymmetry on the
right (rjp) and left.(ry)) nucleon transfer rates, which can be written as: y
g . 4 13 o

- PR T . ‘ . (14

1
L) nc+-EA1 .

“Knowing these transfer rates, we can write the following system of coupled differential
equations For the spins and the orbital angular momenta: o

Bo=dylr, a8 '°1> + £y (8- 8yyirm
=, {zl‘5 a e iy D+t d@-fun as

l'rel = _(il * iZ)

[l
where d; and d, are the distances of the nuclear centers from the window aad 8, 8 <
are r.he rotational frequencies for the orbital motion, spin: ‘-‘and spin 2," respen:*vely. '
By integrating the Eqs. (15) and (13), subject to the pl‘nper "tnitial conditjons, we
arrive at values for 1)(Z, %, t) and I2(Z,. %, ).

-8- e
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dara have been averaged ver 10 elastic (open symbols) and deep~
zhvalues. The solle and/dashed curves:. inelastic (solid symbols) comporents.
arc fits to the data. 7 .0 © Solid curves are fits :n the data,

§
W 2) ‘The functions Iy(2,), (2,2) are obtained by 1nteg Lut the time dependence.
Tha\averagc lifetime cf che ccmpiex for a glven L-vave is approxlmal’.ed as the time necessary
for\the dynamical system with no mass transfer to return to the strong abeorption radius
N Unde\' the influence of the Coulomb and the Proximity potentials and subject to Proximity
" frict'on. A Gaussian lifetime diatribution m(t,R) about this average value {s used with a
\/varlan\‘e given by az(l) = 1.5 T(2). The quantity d(2) (mentioned earlier} is the average
value af the distance between centers along the trajectory using the Proximity Flux function
Yir) fo7 the probability weight function. 1t is also mecessary to weight the 13(Z,%,t)
by the \robability for forming the system Z at time t.. This funceion, ©(Z,t), can be
ob:ained/‘b" solving a Master Equa:iqn or an associated Fokker-Planck equation.
Figt re 7a shows the predictions of the model for the system 1156 MoV 13E'Xe+w7 Each
pair oj adjacent lines brackets 5% of the reaction cross section. The qualﬁ.ativeubehavior

cpredict] "d above is now very apparent. Figure 7b shows the upper portion of Fig. 7a with
contou (ﬁ of constant cross section (as calculated by the Fokker-Planck equatlion) drawn in,
The hcqlzuntal 1ines divide the data into 10 bins, 30 MeV Vide. (Only every other: line is
shown for ease of viewing.) The lines of constant L calculated by the model.are chosen to
coincifle with the parallel lines at the Z of the projectile. Figure 8 is a plo: of the ratio
of. r.h/ variance predicted by the present model and the variance derived from the parallel
cuts/ Note the large difference for the first few bins. It is exactly in this energy vegion
thar, a prevluus]y mentioned ‘discrepancy between the experimental and theoretical (one-body

- throry)/, wergy loss per particle was found. The empirical nnulyses secmcd to indicate that .
the ex\aerimcntal energy losa per particle, calculated as ),/
> 2
E = (Ec - TKE )/l<7 (16)

N
was becween two and three :[Lnes larger :hnn that expected from a one-body dissipation =
mechanism. /1f the enpuicaﬂ variances are ln,errur by as much as indicated by the present
work, the discrepancy buu» en theory and experiment disappears,

4/ -9 ‘ .
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is removed by stretched E2 decay.

1) a

This wodel, which allows one to calculate
o :ha 2:and Q vnlu dcpandcnce of sthe intrinsic
ln;ullr momentuw, can be used to lnglﬁ: the.
B upcri-.gr.\‘l y-ray -ul:ipli:ltle-
J that is nee
angular momertum to y-ray multiplicity.
tr-nlfonuunn from (ngunl: spin to y:ray
-ultiplici:y is based uptH the agsumption 5

ANl

The

d is a transformation from

oY “the fragment angular momentum
More

lp-:iﬂlc‘nlly we’ ugse the following transforma-
s

74 <1 (ZlEk)>-2(H - 2a) a7
A’

vhere 11 and .Fp -are the fragaent ﬁPinS,:H}w
is the y-ray nul:iplicity and a’'1s the mean
{ number of nutL‘\Qlcal Y-rays emicted by heh

Compo; hd nucleu§ studies uith
ruc:i\\n indicate_that a = 2-3.5
upon Lhe nucleus, \2,,5 Because af

this uncercainty, ‘caution must be exerclsed -

in comparing the absolute values o

the

weasured and calculated multipiidiries. “

contour 1in&s in the E4-23 plane for B

Percent " B The kinetic energy dependence .of :he Y-ray

mulr.iplicuies will be considered tirsc, 1In
Fig. 9 the y-ray multiplicicy My associated

with both

Ag+ 618 Mev B

© the total

fuagmenns in the reactions Au, lgo.
Kr is plotted as a function of ©

kiner.ic energy of each pair. Both

in the experimen: and in the theqry the y-ray“multiplicities are integraced over all the

ext\* channel asymmetries,

‘l‘he number of statistical Y-rays per fragment 1.

ateau in the experimental mul:iplicities and the' maximum in th
yucities corresponds to a regime very close to rigid rotationm’ -

taken to be 3.

~

culated multi-
:The theoretical drop of .

lower kineric energies is due to the effect of the Coulomb energy (which in the modpl 18 o

- taken to be that of two touching spheres) and the faclt than,’ower angular mimeaca, 1n the 5
limic of rigidly rotacing touching spheres, are assoclated With-lower kinetic energie

> The

experimenr does noZ show a drop in multiplicity as large as the theory does because"the exit

channel :onfiguru:inn is not constrained to that.of two.touching spheres.

Thus the deep—

inelastic component is spread over an energy range extending well below the Coulomb barrier.
Furthermore, fluctuations in shape may destroy the aimplle
and angular momentum predicted by the model at these 1a4! energies

corresation between kinetic energy

D] @
The szcond aspect to be analyzed is the Z dependencel of My 1n the quasi-elastic region.
Examples of data and calculations are shown in Fig. 10.
1s very nicely reproduced by the calculations. .The qualitative axplanation of this paccern

is again rather simple..

\The characreristic V-shaped pattern

Fragments close in Z to the proJec:ile afid withZsubstantial kinecic

energy on the aversge have exchanged fewer 'nucleons than fragments farther removed in 2 from

projectile,

Thus less angular momentum ie transferred to the férmer than to ‘the latter

fragmenta, giving rise to the rapid increase of the y-ray multiplicity as one moves away
This good agreement is consistent With Ehle agree-

from the projeactile ({a sither direction.

ment cbserved betwesn experiment and theory in Fig. 9 at the highest kinetic energies.

mpted to conclude that particle exchange is sufficient to
quantitatively explain the depandénce of the sngular momentum l‘.unsfer upon kinetic energy
loms, without invoking the nxcit-thn of glant collective mades.

both of these Eigures one ie

From

Appuren(lv the same one -

body theory that reproduces boch the Z-distributions and the angular distributlons vs Z;so
satisfactorily, :luo handles the energy and angular momentum transfer more than adequatel\'.

The final llp!cl’. to be considered is the Z dependence of the y-ray multiplicity ip. the

deep-inelastic region,
the exper: al data are T

quite’well. viid
region the calculation prldicu near rigid retation :hx\\uu\nu: the Z range.

Examples of data and calculations are also given in Fig., 10. “Again
d It must be emphasized that in this energy

Yet the rise o

of with decreasing Z, commonly considered a fingerprint ‘of rigid rotation 1s conspic-

uously absent.

-10-

The reason for this bchnvior 15 to be found in the nngulnr momentum ©
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\fractionation along the mass a&metry cookdinate s L first 1ngrred elseuhere.26 The main ° N
cause ‘for angular momentum fractionatidn is the snteracfion time dependence upon L. The "!-
high £ waves.are characterized by as short® interaqrion time and canndugpread too far away

from the: eintrance channel asymmetry. THe J.ov“l wayes_are cheracterized’ hpa longer in:er— ©
action times and .can%opula:e asymmetries farther rémoved from the &ntrance c)hannpl )
Consequentlycas one moves, . towards mdk'e exl:rem? as\,me:ries one 5elec:s pmgr_e=sivel) lower= : <& o)

% waves. " 0“ - - w o N

Furthemore, at high angular-ﬂiomenl:um, the dr_iving [crce 1.s strofigly o:lirected towards

. ~/higher 2's and discourages any,_ diffuslgnnwuards low Z' .- As_the angular /mnmer{um decreases,

g

a

the, driving force alsd diminishe$ ai’y mdy even reverse ics diréction thus aliowing for a,o

subs:anda‘ diffusion to occur in th direction of the low Z's. Consequently the low Z's "
.1re selec:i\:ely populated by? low £ ‘waves and hefice the lack of ris\ in che Y-fay mul:‘ ¢
pncity Wit Jdecreasing 2. ®

v. Seguen:ua, ﬁssion and .the excitation of collecr.ive mode m the¥exic charnelmgf = :
deep-inelastic_reactions .= S .
& o o
An interssting phenomenon, acfiompanying the deep-inelastic process, namel\ the”fissio &%
of the heavy partner, has rec:r,lé been obgerved-"o in ‘the reac:ian lgzﬁui%ﬁ Mev 136xa, b
This special kind of decay can potentially provide information’ ‘an# a) the transfer of 2
"_angular momentum from orbital to im:rimic rotation; b) the transfer of energy from the oy - ”
entrance cchanneloto: internal degrees 9,‘ fraedum, and ¢) the poesibilicy of prompt fissfon "= °
of the heavy partner in the Coulomb, yid nuclear ﬂelﬂ,s of the light flagmem: n I

v

=

[

neeen:1y31\xe have" s:udxed qeq?énual fission in.the réactfon 1% au+ 320 Mey )L; wicl
an apparatus, con\atis.onf a AE/ E(soléd atate) :elescope to identify the a:omt
number” Z3and energy E4 of the v_ﬂ-snt partner, “and Aéaége solid anglé, X-Y¥ position- (é "
sensitive counter to ,simultanenusly del:ect ir.h=mthe vy partner {2,) or one of its »
fission fragmen:s. The latter detectcr, {h haw 5£nion°resolunion of 1°, and
subtends 24° both raJially and ver:icauy,,prevides ‘information on“both the ener;,g) E, and °
the in- and the out-u(~plane angular disuihutions of the‘correlated cragmenu.
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< Figure lla dti:ich cress section ceatour limes in the 54-23 plane and illustrates fhew

¢lear ssparation betuses the ifon-fissisaing bimary avents and the sequential fission events:
To obtain the Flssi | proksbility of nuc‘&\nvy lu:';-nt {Z4) ,*the number of singles events
= B for“e,y cor d velue were texpared with the number of coingidence, nonfission
vence \(after correct for jthe colmcidence efficiency which was measured with elastic
e\Llnn). “In Fip.|l1s, this £fasion probability, “integrated over the deep-inelastic
teglon of-Ey, s showsi e & -function if Zy. Although the fiaaion probabillity is quite small
dround Zy = 40 (Zp"v.“‘iﬁi. ic rises very rapidly and apprd‘-ches 1002 for Z3°< 30 (Z, > 85),
i g A . K % ; ,
sitor. pral abilities for the heavy rﬁcnlls are shown as ?unqg}/c:{f the ©
. snergy. for sentative atomic ! . For all cases, the figpion
Qualitatively, these features can
@8’ vith increasing Z, and an
{These fisaion probabilities reach
amroundingly larg: valuwes at des, namely > BDX even for recoils
with an atomic numbexgnf 79. " tribution in heavy fon reactlons,
. f;isllnn may select vut the very highest sngular momentum transfers which enhances the
fisalon prnibnbllity. Thus thO f-distribution of the s-quhntinl fission chennel may not" at N
nlll reflect the overall l—dls_.'_‘ fibution for the deep-inelagtic procesa as a whole. o 7

-
° In Fig. 12chhe M
aY't fragment kinet,

a
PR 1§

a B
The out-of-plane nnguﬂzr fstributions of the fragments from sequentiil fission are ©
nearly Gaussian and are peaked-on the reaction plane. Thg FWHM of Sthese distributions in
i the laboratory and in the c.m. of the recoiling heavy fragnent are shown as ‘&’function of 24
in Fig. 13. For fission fragments originating from elementy heavier than the target
. {23 < 36) the c.m. width is 47°~50° in agreement vEEh the previously medsures; value,33 which -
" 18 an average ov.- -he entire Z-distribution, One Should!note that the out-of-plane angular
et distributlon for , sinary reaction mot followed by fission (aee Fig. 13) appears to be
consistent with the de-excitation of both fragments mainly by neutron emission.

- "y O “ 4
The out-of-plane angular disttibution of fission Eragnéiits may be due to two possible
+ causes {which are not nut,uahy exclusive): 1) the fluctustions of the fission axis about
. the normal to the angular momentum; and 2) the misslignment of the primary ifagment angular
“momentum. Tf the angular momentum of the primary fragments is aligned (M = J), the emltted
-rays, which are expected to'be mostly stretched E2 decays, should show a strong anisotropy,
though attenuated by the presence of E1 decays he expressions for the angular distri-
X v

o
butions B!ls{liﬂ from ¢ompletely aligned systems aredt o
E2 . EL
W(R) = (5/4) (1~ cos*8) W(8) = (3/4)(1 + cos20)

where » is ”jﬁ iggle of emission with respsct to the .ﬂngul‘lr momentum directlon. However,
the evidence®’*"" {s that the y-ray angular distribution is isotropic to within 5-352. This O
fact can, to-some extent;be explained sway by invoking El decay. However, a very unlikely N
50-50 contribution from El and E2 is barely sufficient to explain the largest measured
anisotropy of 1.35. This dilemma forces one to either abandon the asasumption of stretched
" EZ decavs, which is disastrous because it compromisvs all our undeysundin"s of thezyrasc
decay, ot to seek another explanation. Recently, Berlanger et a1 3% proposed that bending
vibrations could be exciced in the primary deep~inelastic process, Alonz the same: linc,
but more generally ‘we suggest that collective modes like bending (doubly degenerate) and
twistlng (non-degenerate) may be thermally excited, thus generating random components in
the angulat momentum. 3 !

< : ]
If we assume such a depolarization mechaniem, linlp'le scatistical conasiderations lead to
the following partition function (for i'i-pllcity an intermediate complex consisting of two

equal touching spheres is assumed): . o -
22 (w2 f 2 exp(-12/_FT) 01 o (18)
and 3 o <
nZ = a+3/2 in( FT) (13)

where Jil the moment of inertia of one fragment, T 1:'1_ the :;:':npera:uﬁ and a is a
" constant, The resulting rms angular momentum per fragment ig! ..
FLI a_"“_Z_.%j [ a2
LISV
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Fo' the present reaction o[ 618 HeV 86I(x--* Au and using T, =1.22 fn and T'= 2-1 Hev,
63 )1/2 is estimated to he aboyt 13 to 16h per fragment, rnndom.l;‘ ofiented, “Zather than
perpendicular to the recoil direction. (These results are not very sensitive to small ™,

deviations from symetriccspllttihg.) N P

- By randomly coupling this angular momentum to that transferred {rom orbital motion (~30h
as is inferred from y-ray multiplicicy data26) one obtains a rms angular momentum misalign-'
ment ¢' of the order of 24* to 28°%, more than adequate.to explain by itself the width of the
out-of-plane sequential fission distribution. This misalignment comes from the deep-
inelastic process itself. If:cthis is the case, the explanatiop of the fission fragment
out-of-plane distribution lles in a deploarization “inherent to the deep-inelastic pracess
and not in the fission mechanism. This explanation does not contradict the exls:erf/e'jof
fluctuationa in the fission direction. However, one should note that the (12,1/2 generated
by these bending and twisting modes may be larger than K, and thus may bé' the dominant i
effect in ::\oduclng the out-of-plane fission widths. The presence of such a depolarization "
substantially helps to e\lcplnln the y-ray anisotropy with a much@ smaller amount of El =
transitions.

# : ' Y
1¥, The giant El mude and its ene(tgx broadening from the charge distributions in heavy-ion
reaceions. o 2 - .

The glant E1 mode is best known through its photoexcitation which s ?manifes[ed ina
peat: at an energy E =78 A~1/3 MeV with a width of typically 4-6 MeV. The same degree of:
freedom 1s_involved in the charge distribution at fixed mass asymmetry in binary heavy-ion
reactions3’ (and in fissionj. ~'Sinie Lh\ eguilibration of the L1 wode in heavy-ion reactions,
or the cquilibration of the neu:ron-to- roton~ratio of the two fragments, seems to occur =
quickly, the most probable 1charges can be obtained by minitizing the potential energy of
the two fragments i%h contact with respect to the charge of one of the fragments at constant
fragment mass. This well documented featdre of heavy-ion reactions only provides information
about the potential energy l,_m of the collective El Hamiltonian. In principle one could
obtain information :for the Ghole Hamiltonian by a measurement of the charge distrﬂ:u:ion
at fixed mass.

Since in the great majority of cases the El phoncn energy 1s expected to be much larger
than the.temperature, the EI mode is expt:cted to; be in its ground state. As an example,
let us consider the reaction Ni+Ar af 280 MeV bombarding energy whose mass and charge
distributions have been studied in detail.ll From the maximum linear dimension of the
intermediate complex one obtains the relevam: El phonon energy: hw = 894/d = B~10 McV where
d 'is the semi-major axis of the 1ntemediat[/ complex: . From the internal excitation energy
of the complex one obtains T E Ja = 2 MeV. Since hw/T = 14-5 >> 1, :he collective E1 mode

should be mainly in its ground state. Therefore Lhe z distribution at fixed mass asymmetry
should be given by the modulus square of the ground state wave function and the second
nmoment of the dlstrtbution is expected to-be

2 _hy

o, = 2— % 0.6 - 0.8 (charge unil:s)

vhere c 1is :hc*»'s:iffny\.sg constant assoclated with the El mode; or
Ii .
<

Ve = e Az e “
The analysis of the experimental charge and mass distribution shous that mass and cherge are
strongly correlated as expected, with a correlation coefficient r = 0,97. However, the
intriguing result for the smecond moment of the Z distribution at constant A is o2 = 0.3
(charge unita)? substantially smaller than expected. The disagreement is all e morte
evident since the experimental o 7 should be (and has not been) corrected for particle
evaporation, which would decrease its value by a substantial amount. \Evr:n more surprising
1s the fact that the experimental value of UZ 18 well reproduced if vie assumes just a
classical sutistical discribution 1n Z, namely

=Tlc = 0. 3 {charge unlts)

The ou:s:andlng problem is then to unders:nnd why the distribution in Z is classical rather
than quantal, as one would expect. .

o
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14 The quantal (curve 1) and
ical (curve 2) vidths of the
Z-distribition for fixed mass asymmetry
v excltation enerpy. Curve 3 {s the
sum of both contributions and the
trircnple indicates the experimental
value.

= TheSexplanation may reside in the damplngs

of the rollective E) mode. In photoexcita-
tfon, the glant resonance is mainly a lp,lh
Atate and presumably owes 1w width to the.
coupling {nto “the 2p,2h states. In the

f present case, at relatfvely high excitation
energy (60 Hev), the collectivi mode s an
{np,nh) stare which may couple into (n+1p,
n+1h) or (np,nh),or again, ({n-1}p, (n-1)h)
atates. The resulting damping 1s enerzy-
dependent and due mafnly td the increasing
dennfty of rhe doorway states with increasing
enerpy. It {4 Ilnteresting to sec the cen-
aequence of-this coupling to the Z distri-
butfon. Following Hohr and Mottelson38 with
a simple generalizatlion, we can deacrihe the
coipling of the collective state la» to the
doorway states jn-. The exact state [1-
is glven hy

o= la- Via - 21y
where P'r s cal, “n Is the unperturbed
Hamiltonian and V the perturbation. -

The relc“ant charge distribution 1s jiven

= S dufuy
rz x|1/ and xdenot
vhich must be projected out.

1) 12, where wy(z,2) o
all other variables
In order to

compare Lhuo.y with prcrimcm we mw- to consider the average of the distribution over an

encrgy interval around Eg. We can write

pyla) o=

7
{p,t the “fluctuat ing”

=V Wil
to he responsible for the broadening of the
bution for Z.
tion.

vith 'Df"

For this purpose we have to consider

This average has heen considered extensively in the 1iterature. 9
high excitatlon energies only the average diagonal ma

to be considered and {t can be shown that

where T' 15 the 1maf1nary part of the

tion of the state [a> into the states
the average eigenstate |£ > 1s given by

VZ -1/2
e (1) {1+ ___..‘—)
a Z(Ei' a_“,)z

D being the spacing of the states a.

In summary, and omitting for simplicirty

' B
1> c, () ja> +£cu(1)|u>

2 [
fax [H"r‘(z,x,\ oo 24 el e t?y

wiave functioen.

] 22)
e

The fluctuating part can be shown

distribution. Tt leads te a statistical &istri-

We want to show that the first term can lead to a narrowing of the distribu-
Jon {1/(E4=Ha= VD .

the averaged Green fun

Far large syscems and
r¥ix elements of the resolvent have

— 23

“equivalent optical potential” describing the dissipa-
la>,

The amplitude of the state la » contafned in

(24)

the bracket of the average,

(25)
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te establish that the sum over 1 dn the above equatfot

srent

Pn a0

The next step

e and thus the Correspending term dew ribes 4 Lt deads 1o g narresing
crothe distritarion Dne can prove that if V,, 1w o the veotors 1 ventain phases
el b deatrov roperty vf V.. Hiving established thin point from tirst
pri are eptitled to use as f1rst gaess o simple-db-possible model. 1
W aswe fated with the charge asymmetry coordinate o be sritren as
. 3 . s o
Tl 0 H * ak v . N
. Cotaten Y] caf “x: iJ ‘(1/‘ (NS}
wheesd D ilitne Devel sqasdng of the available docrway stetes and . () 18 the pround state
¢ A S
X Ty oy .
the i1 modes Wylar = Srliade explocetiit, L unalitatively one nees

the coupTIng #oCreases, the dnterral in kg, (26) hecomes progressivel
- mure 1 states that are called fnto plav by the strengts of the con
. AS @ qualitative $irst puess on the |02 ve can use the

f2) bevo
exrresion

BRI v:"h,,‘i ‘-r.;»(x.; VV“‘.I-‘.. " Eid ;A . o

s oare normalized to wiity 460 a 2 box of volume <orresponding to that
taking 7= W{+P+30407) chere oF 00 07 Gre the transition

tatey, respectivelv,

Crre thae nlane
“ere the plan

tor,
h) to (n+lp, utlh), (np,ah) and (n-lp, n-lh)
(263 can be evaluated and giv as a result:

Stepral du By

Sownp [ - v\/,’h. QJ/IJI Vli- o . [¢d.7)

£ the 2 distribstion, ", can then be obtafned from the z distributions

L osygudre ot bl (26

aienlated serond moment of the distribation tp ows. exSltation eaer is shown in
narrowing «f the distributlon vith increasing ener is quite vvident. Since
¢n dovs not include thermal fluctuations, they are introduced in the simplest

R (293

where the lakels 0 and T stand for quantal and thermal,. The possibilirny of experimentally

- mintmom of 2 and its rapid rise with decreasing energy Is of extreme interest
de us with information on the damping of a glant resonance In a hot
attructive considering the extreme diffficult alternavives,
xeited nuckei.

woald pros
hiw in particularls
decar from hiphly e

In ¢ ‘0f deep-inelastic reactions have been discussed cmpha-
sizing the mass asymmetry mode, relative motion, the transfer of angular momentum and
the equilibration of the neutron-to-proton degree of freedom. For the mass asymmetry mode,
sood agreement has bren observed berween the experimental data and a diffusion modei. In
addition, a natural extension of this model to lnclude the transfer of energy and of angular
romentum via a particle transfer mechanism has been discussed and successfully compared with
experiment. The agreement with y-multiplicity data not only supports the underlying features
of the diffusfon model, but also lends credeace ta the ane-bady nature of the energy and
angular momentum transport processes. Furthermore, on the basis of sequential fission data
1t has been suggested that the angular momentum transferred in deep-inelastic reactions may
be partially depolarfzed through the excitation of collective modes at scission. This
mechanism also explains the absence of an appreclable y-ray anisotropy. Finally, the effect
of giant F! mode on the equilibrium neutron-to-proton ratio of deep-inelastic fragments has
been descrlbed. It has been shown that the widths of the Z distributions for fixed mass
asymmetry can be explained by the coupling of the El mode to the intrinsic degrees of
freedom.

v, the general feature

th
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