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Abstract

We review recent experimental data on fusion which call for a better
understanding. A macroscopic dynamical model allowing to understand these
data is described. In this approach a phenomenon intermediate between deep
inelastic reactions and compound nucleus formation appear : fast fission.
The conditions under which fast fission can be observed, as well as its
properties are discussed. We make a comparison with another approach of
the same nr~hlems : the extrapush model. Finally we review a simple dynami-
cal model of fusion which reproduces pretty well a large number of experi-
mental fusion excitation functions.

Fast fission is a mechanism which has been proposed!~?) to explain ex-
perimental results which were hard to understand in the standard description
of dissipative heavy ion collisions. Although there is, up to now, no direct
evidence of this mechanism, we have got a consistent picture of dissipative
heavy ion reactions. Most of the unexplained experimental observations are
now understood without changing our old understanding of more classical expe-
rimental observations in heavy ion collisions.

In these lectures I would like to review this subject and make the con-
nection with other new ideas related to the comprehension of the fusion
process. We will treat the following items :

We will first briefly recall the experimental problems which have calle-
for new concepts. Then we shall describe the properties of the fast fission
mechanism as it appears in a dynamical approach to heavy ion reactions. In
particular we shall investigate under which conditions it can be observed.

We shall discuss the extension of such a dynamical approach to heavier sys-
tems and see how the fast fission process is modified. At this stage a con-
nection with the extrapush model of Swiatecki®) will be done. Finally we
shall describe the notion of dynamical fusion barrier which plays the same
» role as the extrapush in understanding fusion.
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This paper is somehow a synthetic summary of the oral presentation which
uses other materials from ref.®). For a complete survey of the question we
refer the reader to refs.5~?) where much more details can be found.

I. EXPERIMENTAL DATA CALLING FOR NEW CONCEPTS
[.1 Critical angular momentum

The fusion cross section, O» is experimentally defined as the evapora-
tion residues plus the fission-like cross sections. This quantity is often
parametrized by a critical angular momentum, £_., related to g by :

-7 2
oF-k—z(R.cr_+1) (1)
where k is the wave number. Equation (1) has been obtained assuming that the
Towest impact parameters give fusion and that the sharp cut off approximation
is valid. With these assumptions the critical angular momentum is the largest
2 value giving fusion.

One of the basic question we have to address concerns the identity bet-
ween fusion and compound nucleus formation. [t is closely related to how
much angular momentum a compound nucleus can carry. Liquid drop studies'®)
show, for instance, that the effective barrier against fission decreases
when the angular momentum of the compound nucleus increases. For a value,
denoted here by zBf, this fission barrier disappears. Since some amount of
time is necessary to form a compound nucleus in the real sense, it is reason-
able to think that it is not possible to form a compound nucleus when
1 2 1gc. In the case where fusion would be identical to compound nucleus
formation,lcr should always be smaller than iB¢- Compilation of the existing
data’) shows that this is not true and several measurements do show that lcr
can notably exceed zBf. One possibility would be to say that Op not only
contains complete fusion but that there is also a contribution of incomplete
fusion, However, measurements of light fast particles*!), which are usually
associated with this last process, show a too small multiplicity and cannot
account for the difference between 2. and ig.. Therefore, we have to con-
clude that fusion cannot be identified with compound nucleus formation. Then

what happens when Zg. < & < 1. for which there is fusion but not compound
nucleus formation?
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[.2 Widths of fission-like mass distributions of the Ar + Ho system at high
bombarding energies

The starting point of fast fission was a series of experiments®) on the
Ar + Ho system done at different bombarding energies. In fig. 1 are shown
(dots) the full width half maximun (FWHM) of the mass distribution of the
fission-1ike products as a function of the excitation energy of the "com-
pound nucleus". The FWHM increases with the excitation energy E*. Because

the temperature, T, rises

with increasing E£E*, we ex-
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tial waves are coming from another mechanism different from fission following
compound nucleus formation. This mechanism would only contribute when

Be & 28 Ay In fig. 1, the excitation energy corresponding to Lcr larger
than 8¢ is at about 80 MeV and is indicated in the figure. It is precisely
in this region that one might guess a particularly large increase of the
FWHM. This last preliminary conclusion is supported by investigations of
heavier systems (C1 + Au in ref.**) and C1 + U in ref.*?)). Indeed, as the
system becomes heavier B¢ decreases and for the C1 + U system, for instance,
we have mainly to deal with 2 values larger than ig.. In this case the FWHM
turns out to be almost constant over the 1nvestigatéd bombarding energy range
(24n-350 MeV) whereas it varies for the C1 + Au system (204-317 MeV) but to a
smaller extend than for the Ar + Ho combination. These observations suggest

that when Be € L% 2, there could be a contribution of a mechanism different
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from ordinary fission. This process would give larger fission-like mass dis-
tributions.

1.3 Disappearance of fusion for very heavy systems

When the projectile and the target become very heavy it becomes no lon-
ger possible to make them fuse together!?®). This occurs when the product,
Z,Z,, of the atomic numbers of the two ions becomes larger than about 2500-
3000. The disappearance of this important phenomenon has been correlated
with the vanishing of the pocket of the total interaction potential between
two heavy nucleil®), It is so because the Coulomb repulsion becomes, for
all overlaps, much stronger than the nuclear attraction.

Systems close to the 1imit where fusion disappears have been investiga-
ted in great details by Bock et al.l®). They have observed that the diffe-
rence between the measured fusion threshold and the one calculated using
prescriptions working very well for lighter systems, increases as one goes
towards the limit where fusion vanishes. This rise of the fusion threshold
leads, of course, to a reduction in the fusion cross section compared to
what can be extrapolated from our knowledge on lighter systems. The existence
of such a difference has also pushed on the introduction of new concepts.

[.4 Fusion cross section defect at high bombarding energies

At bombarding energies just above the fusion threshoid the fusion cross
section increases almost linearly as a function of 1/ECM, the inverse of the
center of mass bombarding energy. This can be explained in a simple classical
picture by looking if it is possible, for a given impact parameter, to over-
come the associated fusion barrier. Then e is simply given by :

( v
2 ! 12
Je =T Ry, |1 - (2)
F . Ecu]
where R,, and V,, are respectively the location and the height of the fusion
barrier for a head-on cellision.

It is a well known experimental fact that at higher bombarding crargies
the experimental o is smaller than the value calculated with eq.(2). An
attractive idea proposed to understand this fusion cross section defect was
the notion of critical distance proposed inrefs.*®) and *7). For medium sys-
tems this method was rather successful but could not explain why very heavy
systems do not fuse. Furthermore a theoretical justification of this notion
was missing.
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It should be noted that this point is correlated to the precedinc one
since, in both cases, a fusion cross section defect is noticed.

II. THEORETICAL INVESTIGATION OF FAST FISSION

During a heavy ion collision, the two nuclei remain unchanged before they
reach the interaction region. There, if the overlap is large enough, dissi-
pative phenomena can take place. A part of the kinetic energy in the relative
motion can be transformed into intrinsic excitation of the total system. This
loss of energy can be such that the system remains trapped in the interaction
region. In this case we say that there is fusion.

I1.1 Limits of fusion

In order to fuse the total interaction potential of the system, plotted
versus the interdistance separating the two nuclei, should have a pocket.
Using the sudden approximation and the energy density formalism*®) we can
show®) that, for a head-on collision, the pocket disappears when :

I

Z2 4 lez
& - ¢ 48 (3)
eff AI/GAL/3(A/: 4 AL/2)

This condition expresses the fact that the nuclear force, at the dis-
tance where it is maximum, is larger than the modulus of the Coulomb force.

[1.2 The dynamical fast fission model

For large overlaps, the two nuclei, initially supposed to be spherical,
become deformed. Various shape degrees of freedom are excited and, for ins-
tance, a neck appears between the two ions creating in this way a single
composite system with two centers. Investigation of the future evolution of
the system needs a good description of these shape deformations. Since these
excitations transform a potential landscape where the two nuclei are sphe-
rical (sudden potential) to one where some of the shape degrees of freedom
have relaxed (adiabatic potential) it is tempting to describe this transition
in a phenomenological way. This was done in ref,’) where a dynamical transi-
tion between a sudden potentiall®) in the entrance channel and an adiabatic
one*?) in the exit channel was done. The degree of completeness of the tran-
sition depends upon the overlap between the two ions.

The collision of the two nuclei is described by means of four collective
degrees of freedom : the distance, R, separating the center of mass of the
two nuclei, the corresponding polar angle, the mass asymmetry of the system
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and the reutron excess of one of the fragments. The dynamical evolution of
the collision is followed by means of a transport equation derived by

Hofmann and Siemens??).

This model allows to describe deep inelastic properties as well as fu-
sion. For some systems it shows new features which we shall discuss now.

I1.3 The appearance of fast fission

When conditions are fulfilled, the model reveals the existence of a
mechanisms intermediate between deep inelastic reactions and compound nu-
cleus formation. This can be seen, for instance, for the 340 MeV Ar + Ho
system. In fig. 2 typical mean trajectories are shown versus mass asymmetry
and radial distance.

| Ar  Ho ]
0.6} ! _,},.L—-— —— . j | = 195
Quasi elastic trajectory

Deep inelastic trajectory

mass asymmelry
e
w
1 §
——— . — - -l- __.‘_----l‘\.,"

‘oAr(B‘O MeV) - 1‘,Sl'lo -

@ Fast fission trajectory

0.0 -Q " ----i--------.--,--.. ..... s 1275
DTS

10 15 30
radial distance (Fm)

-

Fig. 2 - Few mean trajectories for various initial values of the ovbital an=
gular momentun, %, plotted in the plane radial diatance-mass asyrmetry. Three
xinds of mechanism are illustrated in this rlot : 1) quasi-elastic procecs
Jor 1=195, 2) deep inelcstic coliiaion for =138 and i) fzcst ‘iaaion pheno=-
menon for 2=/5. For L < Rg, = 72, 2 compound nucleus i3 Formed. Thig [igure
nas Deen extracted from res.?).

-2 =195 corresponds to a quasi elastic reaction : we have little mass and

energy exchanged during the interaction.

- 2=138 represents typically a deep inelastic trajectory : a lot of kinetic
energy is lost in the relative motion and a non negligeable mass transfer
occurs for this particular 1 value.
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- 2=75 shows a new kind of phenomenon. The system is trapped into the pocket
of the entrance potential. Mass asymmetry relaxes to equilibrium and, simul-
taneously, the sudden potential changes to the adiabatic one. However, for
such a large value of the angular momentum the fission barrier of the com-
pound nucleus does not exist any more. Consequently the system cannot remain
caught any Tonger in the interaction region and separates in two fragments.
We have a phenomenon similar to fission following compound nucleus formation
except that we start from a two-center system. This is schematically illus-
trated in fig. 3. The interaction time for such a collision is smaller than
the one corresponding to compound nucleus formation followed by fission. It
is of the order of 10-2%s which is nevertheless larger than those involved
in deep inelastic reactions.

0O-D-O—= O — 00
COMPOUND FISSION_
NUCLEUS FRAGMF 7S

@) — __C) _ O O FAST FISSION
; FRAGMENTS
TIME INCREASES — o

Fig. 3 = Schematic picture of compound nucleus fisaion and fast Fission.

- For this particular system le = 72, When £ < 72 the system which is trap-
ped in the entrance channel remains trapped in the adiabatic potential be-
cause the fission barrier still exists and has a configuration less compact
than the one of the pocket.

In conclusion, for a system like Ar + Ho, fast fission only occurs
when 1g. < 2 ¢ 1.

I1.4 Fast fission phenomena for heavy systems : quasifission

2
When the fissility parameter,‘%r, increases the saddle configuration

becomes more and more compact. For big nuclei it can become less elongated
than the pocket configuration. For a symmetric system this occurs when the
following condition is fulfilled :

-

T 2385 (4)

where Z and A are the atomic and mass numbers of the compound nucleus. In
this case, even if 2 < lgf, the system which is trapped into the pocket
of the sudden potential cannot remain trapped wnen the adiabatic landscape
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is reached, because it has an elongation larger than the one associated to
the pocket : it reseparates in two fragments. This special type of fast fis-
sion, which occurs for 0 < 2 < Lo has been called guasifission by Swiatecki®)

who was the first to point out this possibility.

II.5 Properties of fast fission

According to the macroscopic model described above, fast fission should
have very similar properties to those of fission following compound nucleus
formation. This makes difficult to get unambiguous proofs of its existence.
At the present stage it is the simplest possibility to understand the data
but that is all. The most advanced experimental proof might be found in expe-
riments done by Ho et al.?!) who have found evidence of light particles emit-
ted by an equilibrated two-center system with a lifetime of the order of
10-2%,

Since it is based on a transport equation, the fast fission model per-
mits to calculate the FWHM of the fast fission mass distribution. Using the
results of ref.?2), for the fission of the compound nucleus, together with
the output of the present model, it is possible to calculate the FWHM of
the fission-T1ike products. This is shcwn by the full line in fig. 1.

When %; < 38.5, the fast fission threshold is larger than the one cor-
responding to compound nucleus formation. This is illustrated in fig. 4 which
shows the fusion excitation function of the Ar + Ho system. The full curve
is the calculation of ref.?) and the dots are the experimental data of ref.:).
The full curve can be de :omposed in two terms : compound nucleus formation
and fast fission.

I1.6 The four classes of dissipative heavy ion collisions

We summarize schematically in fig. 5 the four classes of dissipative
heavy ion collisions which can be predicted by the macroscopic dynamical
model of ref.?). In this figure the entrance sudden and the adiabatic po-
tentials are represented as a function of R. This one dimensional plot is
just to get a feeling of the real collision which occurs in fact in multi-
dimensional space.

In fic. 6 we show the range of ¢ values, or impact parameters, to which
these dissipative phenomena are associated and fig. 7 summarizes the condi-
tions under which fusion, fast fission and auasifission occur.
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Pig. 4 - Experimental fusion cross section (dots) from ref.) plotted as a
function of 1/EcM, the imverse of the center of mass bombarding energy. It
i8 compared with the calculated fusion cross section of ref.’) (full cuxve).
The fusion cross section i8 the sum of the compound nucleus and of the fast
figsion cross sectiong. Their corresponding excitation functions are also
ghoun in the figure. This figure is extracted from ref.’).

II1. COMPARISON WITH THE EXTRAPUSH MODEL
I11.1 The dynamical extrapush model

Swiatecki“) has developed a dynamical model for head-on collisions of
two heavy ions. There are three macroscopic variables : one associated to
the distance separating the two fragments, one connected with mass asymmetry
and a last one related to the size of the neck connecting the two nuclei.
The dynamical evolution of the macroscopic variables, is followed by Newton
equations with friction forces proportional to the velocities and given by
the one body approach?®)., Except for the interdistance of the two separated

nuclei, inertial forces were neglected (overdamped motion in the :¢e-se of
Kramers2*)).

Three particular configurations play an important role in this approach:
1) the contact one (it is at this point that the neck degree of freedom is
unfrozen), 2) the conditional saddle (saddle point calculated under the con-
dition that the mass asymmetry degree of freedom remains frozen to its inj-
tial value), 3) the unconditional saddle (usual saddle point). To each of
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"THE FOUR TYPES OF
{mssmnve HEAVY ION COLLISIONS
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Fig. § = Typical Zllustration of the four dissipative mechanisme occeuring in

a heavy icn regetion : Top left : the system 7s not trapped but it looses a
lot of kinetic energy in the relative motion : we nave a deep inelastic col-
lieion. Top right : the system <8 trapped in the entrance channel. The audden
potential goes to the adiabatic one but the saddle configuration 13 elongated
enough to Xeep the system trapved : we have compound nucleus formation. Bottom
left : the system is trapped but the fission barrier of the compound nucieus
nas vanished due to angular momentum. Therefore it desintegrates in two almost
equal fragments because mags asymmetry 7ad time o reach equilibrium : we nave
fast 7isston. Bottom right : fhe compound nucleus has a fissicn barrvier but
the saddle configuration 18 too compact to Keep the trarved system : we naqve
algo fast fission or quasi-fisaion.

these configurations three thresholds are associated ; they are shown in fig. 8
barrowed from ref.2%). Fusion occurs only if the conditional saddle is reached.
For heavy systems this configuration is more compact than the contact one

(case of fig. 8) and some extra energy, over the contact point, is needed to
reach it and to compensate the energy loss due to friction : it is the extra-
push. For lightsystems chis extrapush is zero because the contact configura-
tion is more elongated than the conditional saddle, The above considerations




explain why the fusion threshold
becomes larger than expected for
heavy systems!®).
Fig. 6 - Schematic representation
of the different ranges of L va-
lues associated to the four dis-
sipative mechanisms which can be
observed in heavy tonm reactions.
Fusion does not mean neces-
sarily compound nucleus forma-
tion. To form a real compound
nucleus the system should reach
the unconditional saddle point.
The extra energy above the con-
tact configuration necessary to
do that is called the extra
extrapush.

[I1.2 Comparison with the dyna-
mical fast fission model

[t is interesting to make a
brief comparison between the dy-
namical extra push and the fast
fission models. Indeed both aim
to give a good overall under-
standing of fusion. In table I
are summarized the main points
in which they differ. Inaddition
to that we should add one more
difference : in the extrapush
model the two nuclei remain
unchanged until they reach the
contact configuration., At this
step the neck degree of freedom
is unfrozen and relaxes very
fast to equilibrium (~ 10°22s),
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At variance, in the fast fission model the transition between the sudden and
the adiabatic potential occurs more slowly (~ 107%%s) but starts before the

two nuclei are in close contact.
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APPROXIMATE CONDITIONS
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Table 1

Comparison between the dynamical fast fu-

sion®) and the extrapush mode’s*)

Fig.7 ~ Schematic swmmary of the different mechanisms following Fusion and
their domains of occurence.

I11.3 The static extrapush model

Swiatecki“»2®) has parame-
trized some of the results ob-

Physical effects Fast fission | Zxtra push tained for a head-on collision
mode | mode . .
by simpie analytical formulas.
Oroital anguiar momentum yes no In particular the extra push AE
Statistical fluctuations yes no can be expressed as a function
Deformations simulated yes of the effective fissility para-
2 3 : .
| Overdamped approximation | no yes meter (Z%/A)gfs defined in eq.(3) :

it is zero below a certain
threshold and goes like a parabola
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'y Il ENERGY TO OVERCOME UNCONDITIONAL SADOLE

Monocleus (Fast Fission)
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EXTRA-
-EXTRA Il ENERGY TO OVERCOME CONDITIONAL SADDLE
T PUSH
EXTRA Dinucleus (Deep-inelastic)
PUSH Reactions

-
-

ENERGY NEEDED TO MAKE CONTACT

Binary OuEals :;El:mc} Reactions

7ig. 8 - Schematic illustration of the dszérent mechanismg which are obtai-
ned in the aynamzcaa model of Swiatecki") for head-on collisions. I the bom-
barding energy is not suffictent to reach the contact configuratzon (I) we
get elastic or quasti elastic prccesses. If the energy is suszctent to make
eontc *t but not to reach the conditional saddle configuration we nave t0
deal with deep inelastic reactions. To reach the conditional saddle Frcm =ne
contact configuration an extra energy is needed : it 18 the extrapush. If
this point i8 reached there is fusion but not necessarily compound nucleus
formation. To reach this latter situation more extra energy is needed (extra

extrapush) othewwe there is quasi-7ission (fast fission). This jigure i3
taken from ref.?%).

above. This formula can be extended to non central collision by generalizing
(Z2/A)eff to non zero orbital angular momentum?)

& w5 (£2)2 B (5)
= +
Kot LN AL/3AL/3(A/3 4 AL/3)

To a constant factor, (Z?/A)gs(2) is the sum of the Coulomb and centrifugal
forces over the nuclear one at the point where this last quantity is maximum.
f is the proportion of angular momentum which remains in the relative motion
after tangential friction has acted. We would 1ike to stress that a real pro-
blem exists as far as the choice of this quantity is concerned. Several pres-
criptions can be used, for instance rolling or sticking, but the good choice
is still nut clear. For example, for the systems investigated at GSI 1in
ref.**), the rolling seems to be more appropriate whereas, for the Ar + Ho
system, the sticking is better?). In fact it should be noted that eq.(5) just
simulates angular momentum by an equivalent Coulomb force. However we know
that it is only a very rough approximation otherwise the evolution of the




- 14 -

fission barrier with angular momentum, or with increasing size would be clo-
sely related, which is not the case.

IV. DYNAMICAL FUSION BARRIERS
IV.1 Necessity for the existence of a dynamical barrier

In the extrapush model, an extra energy above the contact configuration
was sometimes necessary to reach the conditional saddle point and to get fu-
sion. In other dynamical models for heavy ion collisions the notion of extra
energy also exists but has a different meaning. It is illustrated in fig. 9
for a head-on and for a non-central collision. The potential energy surface
defines a static barrier. Because some kinetic energy in the relative motion
can be lost, due to friction, before the system reaches this barrier, we
see that some extra energy above the static fusion threshold is necessary to
perform fusion. In other words the dynamical barrier is different from the
static one. If AE is the energy difference between the dynamical and the
static fusion barriers, it is possible to show that®) :

2 V(szcr) + AE
ge = TR 1 - — (6)
F fzcr £
where R is the position of the
Ay . v
static fusion barrier corresponding
to 2=f2__. 2__ is the critical an-
cro¢r with friction

gular momentum and f the amount of :'E
orbital angular momentum remaining ....---_..C_”__LA.E-

. . . with no friction
in the relative motion. V(Rflcr) is

the value of the nuclear plus Cou- t=0
Tomb potentials at distance Rflcr’
The extra energy, 4E, is zero for R
Tight systems as well as for small

anqular momentum. It can be parame- V

-

. . . - H it t
trized by the following expression : (1 ”lCR orbital angular momentum loss

- Schematic illustration of
the faet that acme extra Kinetic
energy 18 needed to overcome the
static Fusion barvier : on top i3 with no friction
the case o7 a nead=on collision. In ¥

the bottcm 18 the case when the or= CR

bital angular momentum <8 equal o fler

Lsp. There the total interacticn
votential including cencrifuga:
gnergy cranges due to angui.ar mo=
mentwn 1083, ! ‘ v b

ol J
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AE = 0 for X < 0.68
" (7)
AE = 2000 (X ¢c - 0.68)° MeV  for X > 0.68
where )
X o = o i + 20292 s ! (8)
eff ~ 12.54 [C,C,(C, +C,) AiA,

CICZ(C1 + Cz)2

where C, and C, are the central radii of the nuclei. Again we are faced with
the choice of the f factor telling us how much angular momentum is dissipated.

The above considerations explain why very heavy systems, like those in-
vestigated in ref.l%), have a reduction of fusion cross section : it is just
because the dynamical barrier becomes larger than the static one. For a
given system, at large bombarding energies, it also explains the fusion cross
section defect because of the same reason.

Since static fusion models based only on potential energy considerations
reproduce quite well the fusion data of not too heavy systems and at not too
high bombarding energies, it means that the dynamical and static barriers are
the same. This is likely to indicate that friction does not extend too far
outside and probably extend similarly,for all systems, from the point where
the nuclear force is maximum. As Z,Z, increases, or as & increases,the posi-
tion of the fusion barrier becomes more and more compact and friction can act
making a difference between the dynamical and the static barriers.

IV.2 Simple dynamical model for fusion

To check the above ideas, a simple model has been developed in refs.2¢:27)
to describe fusion. It uses two macroscopic variables : the distance, R,
between the two nuclei and the polar angle 8. Friction forces proportional
to the velocities are introduced in the radial and tangential motion with
the following form factor :

1
g(R) = - (9)
1+ expts 0.75J
where s=R-C, -GC, (10)

and C., C, are the central radii of each nuclei. The friction force in the ra-
dial motion is : - CR g(R) R with Cq = 31 000 Mev.fm=? x 107*%s, The tangen-
tial motion is responsible of orbital angular momentum damping which is in-
troduced in the following way :

C
- - L2, (11)
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where zst is the angular momentum corresponding to sticking and p the redu-
ced mass. According to the one body picture??®), Ct = CR/Z. The special form
(eq.(11)) of the orbital angular momentum loss is chosen to ensure that the
sticking limit is not overcome, as expected in the collision of two rigid
bodies.

In ref.??) the excitation functions of a large number of systems have
been calculated and compared with experiment. The agreement turns out to be
surprisingly good despite the extreme simplicity of the model. This is il-
lustrated in fig. 10.

This simple macroscopic model gives an overall understanding of the
fusion process. The unexpected results quoted in section I are understood
in terms of dynamical fusion barriers which become, in some cases, larger
than the static one.

V. CONCLUSION

During the last few years a great progress has been done in under-
standing fusion. New concepts like fast fission, quasifission, extrapush and
dynamical barriers have been proposed and seem to be quite successful. This
big progress has only be done by a simultaneous attack of the problem by ex-
perimentalists and theoreticians showing the efficiency of such a close con-
nection between them. If fusion seems now qualitatively understood, there
still remains open problems for a good quantitative description of the data.
Especially the role of orbital angular momentum is still not clear and the
approximations used to treat it have to be removed in the near future.
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