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Abstract

In spite of the many attempts to synthesize superheavy elements in recent
years, these efforts have not yet been successful. Recent improved theoret-
ical models of heavy-ion fusion reactions suggest that the formation of super-
heavy elements is hindered by the dynamics of the process. Several recent
experiments lend support to these theories. The necessity of an excess radial
velocity ("extra push") over the Coulomb barrier in order to induce fusion is
observed experimentally as predicted by the theory. So is a new reaction
mechanism, called "quasi-fission" which tend to exhaust the part of the reac-
tion cross section, which would otherwise lead to fusion. The present study
shows that the angular distribution of fragments from quasi-fission processes
are very sensitive to the occurrence of this reaction mechanism. A slight
modification of one parameter in the theory demanded by the observation of
quasifission for lighter projectiles via the angular distributions, has the
consequence of posing even more-stringent limitations on heavy-ion-fusion
reactions. This reduces even further the possibility for synthesizing and
identifying superheavy elements in heavy-ion-fusion reactions.
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1. Introduction

For many years, the properties of nuclear fission were discussed mainly

in terms of the liquid drop model1, which correctly predicted the existence of

a fission barrier, arising from the competition between attractive nuclear

forces (surface tension) and the repulsive Coulomb force. Although the effect

of nuclear shell structure had been known and studied for many years, it had

not been successfully utilized in calculations of the deformation potential.

These difficulties were connected with accumulative errors occurring when

summing over all particles in the nucleus.

This situation changed dramatically when Strutinski proposed a method

for renormalizing the single particle energies, which,, among other things, led

to the prediction of the double humped fission barrier in the actinide region

and the existence of an island of metastable superheavy nuclei in the range

Z=112-116.

The double humped fission barrier in actinides has been studied in great

detail and has now been very well characterized. "~^ The success of the

Strutinski method in calculating deformation potentials in this region has

solidified the belief in the prediction of an island of superheavy elements.

Since this prediction was first made, experimenters have gone to great

length in a search for such rare species. Although some of this work has been

concentrating on finding superheavy elements in nature, *4 most experiments

have attempted to produce such species in the laboratory by means of heavy ion

fusion reactions. As we all know, these attempts have, to date, been

unsuccessful despite the extreme experimental sensitivity which has been de-

veloped in recent years.

The lack of success in this search for superheavy elements raises the

question of whether these elements are less stable against fission than



predicted or whether the reactions used in the attempted synthesis do not

work. Checking the first possibility experimentally is not possible and we

therefore have to resort to scrutinizing the latter possible explanation. To

do this, more detailed knowledge of the limitations of heavy ion fusion is

necessary. Recent progress has been made in both the experimental and

theoretical studies of heavy ion fusion, which may explain the difficulty in

synthesizing super heavy elements. Theoretical calculations • of heavy ion

reactions thus suggest that the nuclear dynamics in many cases (especially

with heavier projectiles) suppress compound nucleus formation. It is pre-

dicted that this suppression of the fusion channel can be overcome by in-

creasing the beam energy to provide an "extra push" over the fusion barrier.

Subsequent studies show, however, that providing this "extra push" may not be

sufficient to achieve compound nucleus formation, since the dynamics of the

process does not lead to nuclear shapes inside the fission barrier. Instead,

the two reaction partners reseparate again after having gone through extensive

mass and energy exchange resulting in fission-like fission products. This

process is tentatively labelled quasi-fission or fast-fission due to the re-

semblance of the final products with normal fission fragments.

In the present work we will examine the experimental signatures and the

importance of this quasi-fission process. It will be shown that the obser-

vation of quasi-fission for even rather "light" heavy ions poses severe limi-

tations on the fusion process, which may consequently be responsible for the

lack of success of the search for super heavy elements in heavy ion fusion

reactions.



2. Heavy Ion Fusion and Quasi-Fission

Building on the experience from light ion reactions, many early models

for heavy ion fusion were based on the assumption that complete fusion in-

variably were achieved when energies sufficient to overcome the entrance

barrier were applied to the system. These considerations have had a remark-

able success in accounting for fusion with "lighter" heavy ions. The obser-

vation of rather large cross sections leading to deep inelastic collisions,

first seen with heavier projectiles, might, however, have been taken as a clue

that nuclear dynamics plays an important role in heavy ion collisions.

More recently a new reaction mechanism has been characterized, which also

tends to exhaust the part of the reaction cross section, which would otherwise

lead to compound nucleus formation. This process, called quasi-fission, is

characterized by the emergence of fission-like fragments in reactions for

which a compound nucleus was not formed during the process.
TO 1 Q

Swiatecki has recently formulated a simple theoretical model, which

describes the main aspects of heavy ion reactions. According to this model,

there are three hurdles on the way to complete fusion which are responsible

for the partition of the reaction cross section, see Figure 1. The three

hurdles are: 1) the Coulomb barrier, 2) the conditional saddle, which for

heavier projectiles can only be overcome if an extra push is applied, and 3)

the unconditional saddle point (fission barrier) which must be traversed in

order to achieve complete fusion. According to Swiatecki's calculations, the

trajectories which have been trapped behind the conditional saddle point with-

out traversing the fission barrier often lead to large energy and mass trans-

fers before the two partners reseparate. Depending on the relevant parameters

of the collision, such fragments may therefore have characteristics very

similar to those resulting from normal fusion-fission processes. This point



is schematically illustrated in Figure 2. Qualitatively similar trajectories

have also been obtained recently in time dependent Hartree Fock calcula-

tions.20

During recent years, the experimental evidence for a new reaction mech-

anism in heavy ion collisions has been mounting. Borderie je_t_al_. •" have

observed fission cross sections in heavy ion induced reactions which corre-

spond to angular momenta for which the fission barrier is expected to dis-

appear due to centrifugal forces.23 Clearly, the mass and energy transfer ob-

served in such reactions must take place on a rather short time scale, since

the fission decay of the system is not hindered by the existence of a fission

barrier. These authors have consequently termed this process, "fast fission",

but due to its characteristics it appears to be identical to the quasi-fission

process as defined in Swiatecki's extra push model.

More direct evidence of the quasi fission process comes from the recent

work of Bock .et__al_. From this work it appears that the time evolution of

the large mass transfers in quasi-fission can be observed directly in plots of

the scattering cross sections as a function of center-of-mass angle and frag-

ment mass, see Figure 3. In this illustration of the data it is obvious that

the observed symmetric mass distribution does not stem from fission of a com-

pound nucleus, but rather from extensive net mass transfer of ~75 nucleons,

which takes place on an estimated time scale of t = 10 s. These data

therefore represent a direct observation of quasi-fission, which, however, is

limited to systems for which the reaction time is comparable to the rotational

period. This condition limits the observation of quasi-fission in this manner

to heavy systems. In order to determine if quasi-fission occurs also for

lighter projectiles/targets, we must therefore seek other experimental sig-

natures for this process, which are sensitive to whether or not a compound



nucleus was formed during the process even if the system rotates several times

before reseparation. We believe that the angular distributions provide such a

signature by being sensitive to shape of the system, in the following section

we will argue for this point of view.

3. Angular Distributions

The angular distribution of fragments from fission of compound nuclei

carry information about the shape of the nucleus at the fission saddle point

as expressed in terms of moments of inertia for axial «/|( and non-axial &±

rotations. 0 >" Specifically, the angular anisotropy depend on the distri-

bution of K-values (the axial component of the total spin I), which relates to

the moments of inertia as follows,

The K-distribution is assumed to be gaussian with a variance K2. T is the

nuclear temperature at the saddle point. A sample of experimental data are

shown in Figure 4. Solid curves represent fits to the data obtained by vary-

ing KQ. If complete fusion occurs in both reactions, 1 60 + 2 3 8U and 3 2S

+ 2 0 8Pb, compound nuclei of 254Fm and 2 4 0Cf would be formed. These two nuclei

correspond to almost identical values of the fissility parameter x = 0.84

which means that the fission barrier (height and shape) are nearly identical

in the two cases according to the Rotating Liquid Drop Model. We see, how-

ever, that although the RLDM accounts quite well for the 160 + 2 3 8U angular

distribution, it under predicts the anisotropy for the 3 2S + 2 0 8Pb data rather



substantially.2 This point is illustrated further in Figure 5, where the

parameter «^spn/ «^eff
 1S Pl°tte£l as a function of mean square spin <lc> for

several reactions studied in the present work. From this figure it is evident

that the saddle point deformations, expressed in terms of ̂  ^/^eff, are in

quite good agreement with the Rotating Liquid Drop Model predictions repre-

sented by solid curves for the reactions 160 + 2 0 8?b, 2 3 2Th, 2 3 8U. Even the

predicted contraction of the saddle point with angular momentum is for the

first time demonstrated experimentally. For the system of * 0 + 2 4 8Cm we

observe substantially larger«/sph/t/eff values then predicted, which may be

related to the fact that the fission barrier has almost vanished in this case

(<1 MeV) and the significance of the saddle point in controlling the K-
pQ

distribution may therefore be lost. Previous studies'0 have already shown

that the standard theory for fission angular distributions is expected to

break down under such circumstances.

In the 3 2S + 2 0 8Pb and 3 2S + 197Au reactions presented in Fig. 5 we

observe much larger «/spn/«^eff values than expected from Rotating Liquid Drop

Model estimates. This is in spite of the fact that fissioning systems with

almost identical characteristics in terms of fissility x, angular momentum and
1 fi ?^fi ? \?

temperature, formed in the 0 + U, Th reactions exhibit an excellent

agreement with theortical expectations. The only explanation to this paradox
Op

appears to be that the S-induced reactions are not sensitive to the true

saddle point deformation, because they do not lead to the compound nucleus

formation but rather correspond to trajectories outside the saddle point.

This point is schematically illustrated in Fig. 2. These observed character-

istics correspond closely to the theoretical expectations for quasi-fission
1 ftreaction10 and we are there led to conclude that a substantial fraction of the

op

observed cross section for the J tS induced reactions must be associated with
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quasi-fission reactions. This means that the compound nucleus formation

is suppressed for these systems. The consequences of this conclusion for the

possibilities for heavy element synthesis using heavy fusion reactions are

discussed in the following section.

4. Limitations to Heavy Ion Fusion

In a recent study, Bjjirnholm and Swiatecki have examined a large body
pnp OA

of data for CKJO?b induced reactions for indications of quasi-fission. These

authors used the criterion that the mass distribution of the resulting frag-

ments be dependent on scattering angle, see Fig. 3. From this analysis they

conclude, that quasi-fission occurs only in reactions of nuclei more massive

than 5°Ti and they tentatively assign a value of 0.85 the *c- | i f f parameter in

Swiatecki's extra push model in order to account for this. The x c ] i f f para-

meter control the domain of the quasi-fission reaction. This criterion for

quasi-fission is , however, unncessarily restr ict ive, since i t requires that

the reaction time be comparable with the rotational period. These conditions

are not necessarily fu l f i l l ed for al l quasi-fission reactions as demonstrated

in the previous section.

We therefore feel that the clear observation of quasi-fission in ^S

induced reactions just i f ies a readjustment of the xc-|-jff in order to account

for the present angular distribution data. I t seems that a reduction of the

x c1if f value to 0.78 would explain the contribution of quasi-fission to

the 32S + 197Au, 208Pb reactions as il lustrated in Fig. 6. Here the pre-

dictions for the fraction of the reaction cross section going into fusion

fission, quasi-fission and deep inelastic collisions are labelled FF, QF and

DIC respectively.



As mentioned earlier, such a reduction in the value of xc-|jff has the

effect of further reducing the predicted cross section for compound nucleus

formation by heavy ion fusion, and it is therefore appropriate to check if

available data on positive identification of evaporation residues from heavy

ion fusion reactions are compatible with this choice of x ^ f f .

We first examine the reaction 40Ar + 2 0 8Pb for which the evaporation

residues have been measured by Munzenberg £t_al_. and the fission cross

section by Oganessian et_aU^, see Fig. 7. The evaporation residues are in

this case concentrated in the near barrier region of E L A B = 192 MeV, where the

extra push model predicts that the fusion process will proceed uninhibited.

These data are therefore compatible with the extra push model using the

modified value of x c^-^. Positive identification of fusion products have

also been made in the reaction 50Ti + 2 0 8Pb, 2 0 9Bi, 3 5 again at energies close

to the fusion barrier, see Fig. 8. In this case the extra push model predicts

a vanishing fusion cross section in th"> barrier region which might appear to

contradict the experimental observation. It is, however, worth noting that

the observed maximum value of the quantity rn/rf (partial neutron-to-fission

decay widths) indicates a strong suppression of evaporation residue production

when compared with systematic trends. Furthermore, one should not expect the

extra push model to give a reliable account of the behavior in the near

barrier region, where several effects such as barrier penetration, zero-point

motion, etc., are expected to enhance the fusion cross section, often by

orders of magnitude. These effects are not included in the extra push model.

Recently, heavy ion fusion has been used to produce and identify the

elements of Z=107 and Z=109 in the reactions 54Cr + 209Bi and 58Fe + 2 0 9Bi,
-37 OQ

respectively. ' Taken at face value, the extra push model with the

readjusted value of xc-|.jf.p would have excluded fusion from taking place in
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these processes. The observed cross sections are, however, minuscule

(~10~34 cm2) and it would probably be naive to expect a macroscopic model as

the present one to account for this tiny fraction of the reaction cross

section.

Consequently, there does not appear to arise any strong disagreement

between the extra push model and known experimental cross sections from the

proposed reduction of the x^-ff value from 0.85 to 0.78. Further experi-

mental studies of the quasi-fission process is, however, required in order to

determine the importance of this process and the associated limitations to

heavy ion fusion.

5. Conclusion

Aside from the limitations to heavy ion fusion imposed by the lack of

stability of the compound nucleus, it has recently been realized that also the

dynamics of heavy ion reactions may severly reduce the probability for forming

composite nuclei inside the fission barrier. Recent theoretical calculations

show that the dynamics of heavy ion interactions may preferentially lead to

trajectories outside the fission barrier in the course of which a substantial

exchange of mass and energy takes place before reseparation occurs. The final

products of such reactions may be indistinguishable from normal fission frag-

ments on the basis of their mass and energy distribution alone. This quasi-

fission process has recently been the subject of several experimental studies

which have demonstrated its importance in heavy ion scattering. In the

present work it is argued that the angular distributions of fragments are

particularly sensitive to the occurrence of quasi-fission for the lighter

projectiles (A~30) and it is concluded that the domain of quasi-fission

reactions is larger than previously believed. This result poses even more
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severe restrictions on the possibilities fcr compound nucleus formation in

heavy systems, which may have a decidedly negative effect on the possibilities

for synthesizing and identifying super heavy elements by using heavy ion

fusion reactions.
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Figure Captions

Figure 1. Schematic illustration of the three hurdles against complete fusion

and the associated separation of reaction strength into different processes

according to Swiatecki's extra push model.

Figure 2. Schematic illustration of the differences between fusion-fission

and quasi-fission reactions.

Figure 3. Mass and angle dependence of the cross section for the 2 0 8Pb + 5 8Fe

reaction (a). The symmetric mass distribution (b) does not reveal the fast

time scale of this process. (Taken from Ref. 24).

Figure 4. Experimental fission fragment angular distributions for the 3 2S

+ 2 0 8Pb and 1 60 + 2 0 8U systems. Solid curves represent best fits whereas

dashed curves are RLDM calculations.

Figure 5. Comparison of experimental ^ s p n / ^ e f f values with RLDM estimates

(solid curve). Solid points are from the present work, whereas open circles

are taken from Ref. 31.

Figure 6. Experimental fission cross sections for ^2S induced reactions.

Extra push model estimates of fusion-fission (FF), quasi-fission (QF) and deep

inelastic collisions (DIC) are indicated. Solid points are from the present

work. Open circles are from Ref. 31.
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Figure 7. Fission and evaporation residue cross-sections are shown for

the 4 0Ar + 2 0 8Pb reaction. Data are taken from Ref. 33 and Ref. 34,

respectively. Theoretical curves are from the extra push model, see Fig. 6.

Figure 8. Fission and evaporation cross-sections are shown for the ^Ti

+ i U OPb reaction. Data are taken from Ref. 35 (solid points) and Ref. 24

(open circles). Theoretical curves are from the extra push model, see Fig. 6.
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