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EFFECT OF DISSIPATION ON DYNAMICAL FUSION THRESHOLDS

Arnold J. Sierk
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

The existence of dynamical thresholds to fusion in heavy nuclei (A > 200)
due to the nature of the potential-energy surface is shown. These thresholds
exist avan in the absence of dissipative forces, due to the coupling between
the various collective deformation degrees of freedom. Using a macroscoric
model of nuclear shape dynamics, I show how three different suggested dissipa-
tion mechanisms increase by varying amounts the excitation energy over the
one-dimensional barrier required to cause compound-nucleus formation. The
recently introduced surface-plus-window dissipation may give a reasonable
representation of experimental data on fusion thresholds, in addition to
preperly describing fission-fragment kinetic energies and isoscalar giant
multipole widths. Scaling of threchoid results to asymmetric systems is
discussed.

I. INTRODUCTICN

In order to form a compound nuclcus in a heavy-ion collisicn, the com-
posite system must pass through a configuration more compact than the fission
saddle pointl-s. In addition, of course, the energy initially in the fission
degree of freedom must be shared relatively rapidly with other degrees of
Tfreedom, so the system does not "bounce apart" before energy equilibration can
occur. For nuclei with mass numbers less than about 200, the fission saddle
point 's more elongated than the point of first contact of colliding fons,
which lies insid~ the one-dimensional interaction barrier. Therefore fusion
occurs natiraily for lighter systems which aire collided with an encigy slight-
ly above the interaction barrier height. In contrast, heavier systems wil) he
driven apart by the disruptive Coulomb forces before passing inside the fis-
sion saddle point, since this point corresponds to a more compvsct configura-
tion thar the poin' of first contact. Thus, or nuclear systems heavier than
some threshold value, 4 additional kinetic energy Al above the une-dimension-
al bdarrier energy is required to drive the system inside {ts saddle point and
thus to fusion. This phenomenon wes qualtlatively disrunsed at least as early
a. 1969], and wa. quantitatively modeied with non-viscou- 1iquid drops in
19733. Crlculations in 13/b4 and 1y /5 used an improved model of the nu.lear
force which tncluded finfte-range effects, still with no dissipative ferces.

Reg!nning tn about 1900, Swiateck! and cul]ahurntursl-]] developed a dynsmical



model which utilized a ferm of one-body dissipation. In this work the extra
energy AE needed to cause fusion was given the colorful misnomer "extra push".
Around the sume time began appearing several experimental measurements of the
existence of a dynamical threshold energy12-21. The conjunction of thene
latter two developments has led some to the conclusion that the existence or
dynamical thresholds was evidence for the validity of this particular form of
one-body dissipaticn. However, the mere existence of a dynamica’ threshold is
prcdicted by a spectrum of models. More precise measurements and better
models offer the possibility of restricting the types of dissipation which are
consistent with the data. In fact, later measurements, although not conclu-
sive, seem to indicate that the amount of dissipation predictea in Swiatecki's
wall-and-window one-body dissipation is too high22-26.

I will discuss in this paper the effects of three different models of
nuclear dissipation o1 the dynamical thresholds to fusion in a single wnified
model, with the eventual aim of learnirg something about which dissipation
mode s may be appropriate to describe real nuclei. This type of comparison
within the confines of a single model is crucial because of the many details

which differ among the various modelse-11'27'28.

Distinctions between results
caused meinly by potential, inertial or dissipative effects will help to
address the true nature of nuclear dissipation. In Section II, I discuss the
dynamical model, in Section IIl, I show some calculated results, and in Sec-
tion IV 1 discuss some effects ot varying the mass asymmetry of the colliding
ions. Also in this section I make a comparison of the calculations to the
limited data available. Finally, in Sectinon V I summarize and discuss the

resilts.

IT. DYNAMICAL MODEL

The details of the dynamiral model 1 use have bren considered else-
whnrozg'b. The basic fdea s to specify the shape of an incompressible nu-
clens with a small pumher of parameters, then calculate a potential energy, a
kinolic energy, and a Rayleigh dissipation function in terms of thesc pare-
reters ang their time derivatives, A sel of madifiad llamilton's equations with
the appropriate inftial conditiony is numerically integrated to find the

trajectorine tn parameter space 1f the time evolution of the nuclear shape.
A.  Shape Coordinates

lor the initial pre-contact stages of a colliston, 1 describe the syslem



by twc spheres of the appropriate size. When the centers of the spheres reach
a separation such that the matter redistributed into the neck from the region
of overlap of the spheres reaches a radius of 3 fm, I then allow the nuclear
shapes to evolve according to the modified Hamilton's equations appropriate to
a deforming systems.

For this sccond stage of the collision, I express the closed, axially

symmetric surface specifying the shape in cylindrical coordinates (p,¢,2) as30

2 2 N1
ps(2,0) = p (2) = _ZO a;Pi(x) (1)
1=

wherao Pi is a Legendre Polynomial, a, are the generalized coordinates, and

x = (2-2)/25 (2)

where 220 is the length of the shape measured along the symmetry axis, and z
is tne value of the coordinate halfway between the end points. Impcsing

volume conservation and requiring the center of mass to lie at z = 0 leads to:

N
a, = - ¥ a, , (2a)
0 42,4
N+1
a, = - 2 a. |, (2b)
1oy
2y = 2/3aO (2¢)
- 2
L /2, 12d)
and to the N independent coordinates {a2.a3.....aN+]}. In this paper I will

use N = 10. For purely symmetric shapes, all odd coctfictents are zero, with
5 degrees of freedom remaining.

Insteail of expressing resultls in terms oi these coordinates {a'}, which
have little intuitive value by themselves, I will project the results onto a
two-dimensional subspace of cnordinate-independent mass moments. ]t would be
very useful if all authors working tn this fieid vere to adopt this or a
similar type of approach for presenting their results, a« very few outsiders
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will have any feeling for the meaning of the coordinates describing a particu-
lar choice of shape parametrization. I first define a piane perpendicular to
the symmetry axis through the neck (if the shape has a neck) or thiough x = 0
(if there is no neck), which separetes the shape into two portions. For the

right- and lefi-hand portions, I define <zn>E as the mass-weighted moments of
2" of the right- (left-) hand portion of the bodyzg. The coordinates of the

two-dimensional projected subspace are the center-of-mass separation

r = (Z>R - (Z)L (36)

and the fragment elongation

W2, 1/2

g = <(2-<2> UL . (3b)

2>R1/2 + <(71-<2>

r)
I also define a mass asymmetry coordinate

0 , .0 0. \_,p .
<2 )R)/\(Z >t <2 >R)—(AL AR)/A . (3c)

a = (<zO>L
The mement r is the .amiliar separaition of the centers of mass of two collid-
ing ions, and o is a measure of their relative oblateness or prolateress
(before contact) or necking (after contact). For a spherical system, motions
along r and o are orthogonal linear combinations of the quadrupole and hexa-
decapole normal modes. The mass asymmetry a is O for symmetric {ission or
collisions and is rearly 1 for particle evaporation or for a single nucleon

colliding with a heavy nucleus.
B. Potential Lnergy

From the surface function defined by two spheres or the parameters {ai} 1
calculate the Coulomb cnergy of a charge distributicn made diffuse by folding
a Yukawa function over a uniform density inside the surface31, and the nuclear
enerqy by twice folding a Yukawa-plus-exponential effective two-body inter-

32'33. This form

action votential over the same uniform density distribution
of the macroscopic energy, with four parameters determined from elastic elec-
tron scattering, fr o fission barricr heights and from heavy-ion elastic
scattering32-34, desrribes experimental fusion bari-iers of light nuclei with-
out further parameters. This method also gives similar results to thec prox-
inity patential, but in contrist to the proximity potential is useful for

arhitrary shapes. Since [ will be concerned tn this paper only with head-on
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collisions I will not discuss angular momentum effects.
C. Kinetic Energy

Since it has been shown that the nuclear inertia for large deformations
approaches the incompressibie, irrotational value35, I will model the inertia
by means of the Weraer-Wheeler approximation to irrotational, incompressible
flow, in which the fluid is assumed to move in circular layerszg. The kinetic
energy is expressed in terms of the coordinates and their time derivatives as

T=g M) aa =3 0N e (4)

iPiPy

where Mij is the deformation-dependent inertia tensor, P; = M..a., and I use

ij7J"
the convention of summing over repeated indices.

D. Dissipation

The coupling between the collertive and internal degrees of freedom gives
rise to a dissipative force (also to a fluctuating force which [ ignore here)
whose component along the rocrdinate a, is

Fo=- ”13'(3)53' . (5)

For the preliminary stages of a collision, when the ions remain spheri-
cal, their radial motion is damped by Randrup's one-body proximity window
dissipation36. After the dynamical shape evolution is started, either no
dissipaticn or one of three different models is assumecd. For historical

reasons, I considor hydrodynamical viscozity with a viscosity coefficient of
6,37

0.02 terapoise, which reproduces fission-fragment kinetic eneryy wata
even though there is no theoretical reason to suppose that this model should
be appropriate to low energy nuclear processes. For the second model, I use
the one-body wall-and-window dissipation originally suggested by Swia-
teck137-39.

Before describing the third dissipation mo:del, ] observe thdt neither of
these historical mechanisms reproduces tha observed widths of icoscalar giant
multipole resonancesao. and both require physical assumptions that are not
appropriate for the type of nuclear motion occuring in low erergy collisions
and fission, Furthermore, two-tody collistons, wnich are assumed to occur
uniformly throughout the nuclrar volume in the first mode!, and totally ne-

glected in the second will occur with greintest probability in the nuclear



surfare region. Various more detailed models of nucleon dynamics inside
nuclei imply that one-body damping is significantly reduced from the value
predicted by the classical wall formula41'42.

By apandoning some of the questionable assumptions of the moving-wall
model, but sti!l realizing that a combination of one-body and two-body dissi-
pative collisions will be concentrated near the nuclear surface, we are led
(in lowes. order in the surface diffuseness) to a dissipation rate which has
the same functional form as that of the wall model, but a different strength.

Specifically, the time rate of change of the collective Hamiltonian is
dH _ _ - YA
gt = - kv S (n-D)dS (6)

where n is the normal velocity of the surface eleme:,t dS, D is the normal
component of tho average drift vclocity of nucleons about to collide with dS,
p 1s th2 nuclear density, v is the average speed of nucleons inside the nu-
cleus (3/4 VF for a Fermi gas), and ks is a dimensionless strength parameter,
measuring the relative probability of an energy-changing collision either
between two nucieons or between n single nuclecn and the moving one-body
potential. The Swiatecki wall formula would correspond to the maximal value
ks=1. This coafficient ncs becn determined by adjustment to isoccalar giant

15

o

o
T

E

Giant Resonance Width T, MeV)

o

0 Taaaalaae oo e el
0 80 Tl A 200 250

Mass riumber A

fig. 1. Simultaneous reproduction of experimental isoscalar giant quadrupole
and giant octupole widths by surface "issipatior with k_=0.27.
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quadrupole and oct-.pcle resonance widths43 to be ks=0.2744.

For neckcAd-in or dumbbell-like shapes, the transfer of nucleons between
the end regions leads to an additional dissipaticn similar to the classical

window formu1a38'39

, but which also includes affects on this transfer due to
the deforming of the end regions themselves. This modification causes a small
but noticeable change in the results from using the classical window formula.
in Figure 2 I show the degree to which data on the mean fission-fragment
kinetic energies for nuclei throughout the P2riodic Table are reproduced by

the previously determined value of ks = 0.27.

[ T L T T r L N Sl S [-'—Tﬁ_ T ' T T f’I L,‘ﬁ
250 | PR
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é [ dissipation j
L 200} .
%’ ! )
E I ;
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£ | ]
x ! ]
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3 ]
S o i ) i -
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0 6500 1000 1500 2000

ZZ/AIIJ

Fig. 2. Reduction of average fission-fragment kinetic energies by surface-plus-
window dissipation, compared to e~xperimental values.

A similar deqgree of reproduction is achieved with hydrodynamic viscosity
with a strength of 0.02 TP37, while the wall-and-window model significantly
underestimates the energies for heavier nuc!ei37

for Zz/l\l/3 < 1300.

, althcugh it works well

[I1. CALCULATED RESULIS

Through the remainder of this paper 1 shall corsider either spucific
nuclear systems with integral Z and A or idealized systems in which the charge
and mass numbers of each of the colliding nuclei are related by Greens approx-
imation to the line of beta stability45
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A. 0.4 A,

- i ) i
477 U7 gm0 (7)

This choice, which is nearer to experimental conditions than is a beta-stable
compound system leads to significantly different results fur thresho‘d527'28.
In Figure 3, taken from Ref. 46 I show calculated macroscopic potential-
energy contours as a function of the mass moments r and o for mass symmetric
deformations of 220U, Although quantitatively slightly different from our
present potential-energy calculations, this Figure illustrates certain quali-

tative features relevant to dynamical fusion thresholds.

O

T Tf T T T

!npd . IIOPd — !ZOU

MACROS,COPIC POTENTIAL- ENERGY CONTOURS
AT M TERVALS OF 10 Mev

n

COMPOUND
SYSTEM

-20 -40
BINARY VALLEY

O . — —_ | —_— { i

0 1 2 3 9 5
DISTANCE BETWEEN MASS CENTERS r (UNITS OF Rp)

FRAGMENT ELONGATION o (UNITS OF Rg)

Fig. 3. Potential-energy contours, in units of MeV, for the reaction
110pq + 110pg » 220y  calcelated with a single-Yukawa macroscopic model. The
localion of the sphere is given by the solid point, the location of two touch-
ing spheres by the two adjacert solid points, and the fission saddle point by
the intersecting dashed contours.

In a collision of two !!OPd nuclei, the system moves from right to left
up the binary valley with o ~ 0.7. The calculated maximum in the one-dimen-
sional interaction-energy barrier occurs just outside the point of tangency,
which occurs at r ~ 1.6, 0 ~ 0.7. The spherical macroscopic ground state
(+ingle point) occurs at r = 0.75, 0 ~ 0.5. The fission saddle point (r ~
1.4, 0 ~ 0.») is located where the dached contours intersect. An important
gualitative fact is that the maximum in the interaction barrier lies above the



saddle point in enargy, and is displaced from itz. If this system is started

at rest at the top of the barrier (near the two touching points), it appears
that the forces on the system will tend to push it on a trajectory which would
not pass inside the saddle point. This expectation is borne out by dynamical

calculationss'e.

As one moves to heavier (more fissile) systems, the location
of the saddle point becomes closer to the spherical ground state, as shown in
Figure 4, and the height of the barrier decreases. The existence of a dynam-
ical threshold is thus due to this qualitative nature of the potential-energy

surface, while its exact nature depends on details of the collective dynamics.
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Fig. 4. Locations in r-o space of the saddle points of beta-stable nuclei
with 22/A from 18 to 44.6. Tne arrows denote the directions of the two lowest
symmetric normal modes (quadrupole and hexadecapole for a sphere).

In Refs. 6-11 it was shown for, a simplified system that if the dynamica’
trajectory passes through the saddle point for the system with (ZZ/A)

thresh
when started at rest at the top of the barrier, the extra energy above the
barrier needed to drive a more fissile system with 22/A = (ZZ/A)thresh + A
(ZZ/A) through its saddle poirt is
AE = y[a2Z/me v (8)

The assumptions used in this paper, namely that the colliding nuclei are
constrained to be spherical until a 3 fm raaius neck Is formed lead to



aE = B [6(Z%/M)] + y' [a(Z%/M)1% + ... . (9)

These functional forms of AE vs. ZZ/A occur indepencently of the details of
the mechanism of dissipation. Therefore, the existence of a dynamical thresh-
old to fusion says nothing about the character of nuclear dissipation. How-
2 ,
ever, the values of (2 /A)thresh' B. Y,
As an illustration of the results of dynamical caiculations of fusion, I

etc. will depend on such details.

show in Figure 5 the shapes as a function of time, and in Figure 6 the trajec-
tories in r-o space calculated both for nc dissipation arnd for the three
dissipation models introduced above. The calculations show the trajectories
for the mass-symmetric fusion of beta-stable nuclei to form a system with

Z‘A=395 '
Two-body Surface-plus- Wall-and-
viscosity  window window
AE=8 AE=22 AE = 8%

09
)

No dissipation

~ o
T 1

I
Time {Units of 102 s)

00000088
00 0 GF

(DH00000Y

g g

Fig. 5. Nuclear shapes as a function of time for the symmetric collision of
bgta-stable nuclei with just enough energy to form a compound nucleus with
1°/A = 39.5, for no dissipation, two-body viscosity, wall-and-window one-body
dissipation, and for surface-plus-window (one-body and two-body) dissipation.
The dashed shapes are the fission saddle-point shape, shown at the times when
the trajectories pass closest to it.
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Fig. 6. Trajectories in r-u space for the collisions pictured in Fig. 5: The
location of the saddle-point shape is shown by the open point. Other points

are as in Fig. 3.
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Fig. 7. Fusion threshold energy At vs. ZZ/A of the composite system for
symmetric collisfons of beta-stable nuclet for no dissipation, two~bod¥ vis-
cosity of 0.02 TP, wall-and-winduw dissipation, and for surface-plus-window

dissipation.
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total 22/A = 39.5. In cach case the system has been given the specified AE in
the center-of -mass frame sufficient vo just cause fusion. In only the case of
no dissipation, a trajectory which passes outside the saddle point initially
may eventually pass inside, although the dynamical model breaks down before it
is possible to unambiguously determine whether fusion is likely to occu~. In
all dissipative calculations, the threrhold can be determined unambiguousiy.

Reslts from several analogous -alculations are compiled in Figure 7,
where I show AF vs. 22/A for symmetric collisicns usirg the four types of
dissipation. Hecause of the poor approximatior of not allowing the conlliding
nucle! to deform nefore contact, the thresholds in this model occur at too
high a value of ZZ/A. The most significant point here is the extremely dif-
ferent behavior of AE vs. 22/A for the different modes of dissipation.

IV. MASS-ASYMMETRIC COLLISIONS AND SCALING

Up to 'his point I have discussed only mass-symmetric collisions. By
considering the extreme example of a proton or alpha particle fusing with a
heavy nucleus, it is eas' to see that increasing the mass asymme:ry while
keeping fixed the overall mass and charge of the composite system leads to a

reduction of A[7-11. This is because an asymmetric system of two tangent
spheres is loosely speaking more compact than a symmetric one, while Lhe same

symmetric saddle point must be reached in each case to cause fusion. Swia-

teck1'7-11 has suggested than an effective 22/A for asymmetric systems be
defined as
2 . 1/3,1/5,,1/3,,1/3
(Z /A)eff = 42172/[A1 A‘Z (A1 +A2 )] . (10)

However, it is obvious that. the fusion behavior cannot be entirely determined
by the incident channel, but also is effectrd by the actual 22/A of the com-
posite system. This ubservation and sume experimental evidence26 has led to
the suggestion of using6

2

2 . 2 2 1.
(1°/R) = [(Z5/A)(TT/R) g ¢

mean (11)

as thc approprite scaling variable for asymmetric systems.
I have calculated fusion thresholds using surface-plus-window dissipation

for systems composed of beta-stable pairs with mass asymmetries « = 0.0, 0.2,

17
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Figure 8. Fusion threshold energy AE vs. ZZ/A for fusion of bets-stable
nuclei with mass asymmetry a = 0.0, 0.2, and 0.4.
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and 0.4 (technical difficulties with the calculations have so fur precluded
finding results for a > 0.4). In Figures 8, 9, and 10, I show these calcu-
lated thresholds as a function of ZZ/A, (ZZ/A)n{f. and (ZZ/A)mean' respec-

13



tively. The 22/A and (ZZ/A)eff scalings are not appropriate for this particu-

. 2
lar model, while the (2 /A)mean

well for a = 0.4. This deviation is at least reasonable, as there is no a

scaling works very well fer a = 0.2, but less

priori reason to expect the exact weighting of incoming and outgoing channels
predicted by Eq. 11 to be valid.
In Figure 10, I also show the limited data available from evaporation-

residue measurements in this mass region25'2b.

T T 1 Y Y ' LI 1 | L
50 Asymmetric collisions .
- Surface-plus-window ; )
40 - dissipation 1 .
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—— a=(4 // )
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! // 1
F & //} 7 )

|

éLn L | S 1 i 1 i d T

36 36 37 3 39 4C 41 42
(2 /M) aen

Fig. 10. Same as Fig. 8 plotted vs. (ZZ/A) N Experimenta’ points
from evaporation-residue measurements are aTE8"shown.

=
T

Threshold Energy AE (MeV)
S

o
T

25,26

V. DISCUSSION AND SUMMARY

There are several problems inherent in trying to ure experimental fusion
data to unambiguously rule out one ur more mechanisms of di-sipation. In the
first place, there is some uncertainty as to what to use fur the interaction-
barrier height; 1.e., what do you suhtract fron an experimenially measured
fusion barrier hetght to arrive at a AF? In plotting the data on Figure 10 I
have used the bharriers calculated from the Yukawa-plus-exponential poten-
t1a132m34. In the original referenceszb'zs, barriers found in a Bass model
were used; the differences between these two approaches have a deviation which
increases with ZZ/A, reaching 17 MeV for the right-most point in Fig. 10.

This sort of deviation of theoretical barrier . can mask the true dynamical

thresthold behavior. Alsa, it appears that simple scaling formulas are not

14



sufficiently accurate for less simple mode1527'28.

These factors lead me to
recommerd that unless and until a mouel with some other simple scaling appears
that results of calculations should be erpressed as the amount of total energy
necessary o cause fusion.

It is also clear from Figure 10 that thresholds that are only lower
limit526 cannot be used to distinguish between some models of dissipation.
Howeve,, realizing that an improved model of the incoming channel! will shift
the curves in Figs. 7-10 vo the le’t, and that a symmetric system has the
largest threshold for a giver (ZZ/A)
lighter than 24420

mean" it is clear that a system somewhat
would offer a much better chance of determine a threshold
with 8 non-zero lower and a non-infinite upper 1imit. Specifically, I would
recommend serious consideration of measuuring the dynamicai thresholds for
reactions forming evaporation residues in the immediate neighburhood of the

reaction
148Pd + 13qPd + 2§50 . (12)

which has a composite system Z?/A = 38.5,

T¢¥Rh + 118Pd » 2)YPa (13)

with

22/a = 38.7, or

194R: + YQ4Ru » 2Q%Ra . (14)

with ZO/A = 37.2. Thiy chorre is not motivated by the fact that reaction (17)
was extensively studied in Refs. 4 and 6, but by the considerations that,

1) for a given compound nucleus, the symmetric entrance c¢hannel ha. the
largest predicted Al', with the greatest senaration between the predicifons of
the various dissipation models.

?) A system heavy ennugh tc have a stgnificant Al (1h to 20 MeV), hut
ligh*. enough to have some prohahility of surviving as an evaporation resldur

to needed.



The converse of the preceeding discussion is that in order to f rr veuy
heavy systems with the minimum amount of excitation energy, the most asym-
netric target-projectile configurations are favored. However, the best (s*ill
crude) estimates using the surface-plus-window dissipation model for the
system

~8Ca + 248Cp . 2968116 (15)

(o0 = 0.68) indicate that . St of at least 30 MeV is needed to reach a rearly
spherical configuration, which when added to the potential energy acquired in
passing to the sphere, leads to a minimum excitation energy of the compound
nucleus of roughly 50 MeV48; at this excitation eneryy there probably would be
no shell stabiiizaticn energy. 1lnis is consistent with the lack of observa-
vion of superheavy elements formed in fusion reactions, despite the many

heroic effots that have been applied to the searrh.
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