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Nucleus-nucleus fusion energy thresholds and the adiabatic fusion potential
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Experimental values of fusion energy thresholds, defined as energies at which the fusion cross section equals
to the sswave absorption cross section, are compared with barrier heights calculated assuming the adiabatic
fusion potential with the nuclear part of the Woods-Saxon shape and parameters unambiguously determined by
the liquid-drop-model contact force and the ground-state fu§laralue. Predictions of the “capture” cross
sections in collisions of very heavy systems used to produce new superheavy elements are discussed.
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I. INTRODUCTION [l. FUSION ENERGY THRESHOLDS
Nucleus-nucleus fusion excitation functions can be quite

well reproduced and understood in terms of the coupled[z]' fusion-barrier distributions can be deduced from pre-

channels calculations involving coupling to various coIIec-Cise|y measured fusion excitation functions by taking the

tive states, effectively enhancing the fusion probability aty, hie derivative of the product of the cross section multi-
sub-barrier energiegSee recent review articlel], and ref- plied by energyd?(oE)/dE2. In most of the studied reac-

erences thereinHowever, predictive power of the coupled- tions, the deduced fusion-barrier distributions extend over a
channels calculations is somewhat limited, especially fOVrange of 515 MeV. The low-energy edge in the barrier dis-
heavy systems, for which a very large number of channelgiputions, “the lowest barrier,” is a quantity difficult to de-
with unknown coupling constants should be included. Theretermine precisely, but important from a practical point of
fore, for practical purposes such as predictions of fusiorview, especially for very heavy systems. Location of this
cross sections for very heavy systems, the use of macrdiowest barrier” tells us where the onset of above-the-barrier
scopic dynamical models may be useful. It should be notedusion processes is and therefore this energy is a good refer-
that coexistence of fusion barriers of different height, theence point, which we can call an effective fusion-energy
phenomenon naturally present in the coupled-channels calcthreshold for a given nucleus-nucleus system.
lations, has its classical equivalent in macroscopic models Since extraction from data of the fusion-barrier distribu-
extended by inclusion of thermal and/or shape fluctuationstions and determination of “the lowest barrier” require pre-
In the macroscopic description, the fluctuational spreading ofise measurements of the fusion cross sections at the lowest
trajectories in the configurational spageith an individual ~ €nergies, a procedure performed so far only for selected sys-
barrier height for each trajectorplso leads to a distribution {€MS, we propose an alternative, easier to apply definition of
of the fusion barriers. the fusion-energy threshold which turns out to give threshold
In this paper we analyze existing data on fusion excitatiory2/ues almost exactly coinciding with those resulting from
functions from the point of view of determination of fusion the original de_f|n|t|0n of _the Iowe_st_ barner. We propose to
energy thresholds which can be identified with the lowes se the following operational definition of the fusion energy

barriers in the fusion barrier distributions. We also attempt tohreshold: Th|_s threshold |s_the_ener§y= Eyny at which the
) . . . . . measured fusion cross section is equal tosheve absorp-

predict these lowest, adiabatic barriers using a Slmpl%on cross section

nucleus-nucleus fusion potential. It is shown that the experi-

mental fusion thresholds agree very well with the barrier

As was demonstrated by Rowley, Satchler, and Stelson

2
heights calculated with the proposed potential. Moreover, the Orus= TA2= mh , (1)
measured and calculated barriers show close correlation in 2B
isotopic nuclear structure effects which seem to modulate the
barrier heights. where X is the wavelength of the fusing system andits

Our analysis of the correlation between the experimentateduced mass. Note that in semi-classical languagé,is a
and calculated fusion and/or capture energy thresholds eXminimum portion” of above-the-barrier fusion cross section
tends to as heavy systems #€a+ °%Pt (fusion) and Fe  and therefore seems to be a quantity appropriate for consis-
+ 20%p (capturg. This correlation can be extrapolated to tent definition of the easy-to-determine fusion energy thresh-
still heavier systems, thus providing predictions of the en-old.
ergy thresholds for capture processes in reactions which may Using as an example the fusion excitation functions for
be used in future experiments aimed to synthesize new suhe “°Cat+ %0s and *°Ca+ °Pt reactions measured by
perheavy elements. Biermanet al.[3], we demonstrate in Fig. 1 that our criterion
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Oa +19205 0y +19p; ered in the configuration space representing particular choice
10— — of shape parametrization. For determination of aldébatic
3 / * e ] nucleus-nucleus fusion potential, we avoid the question of
= 107 - ,«" 3 assuming specific shape parametrization. Instead, following
Sk s : ] the idea of Refs[19,20, we use only the known character-
& : s istics of the system at the onset of nuclear interactmm-
Le o R E tact force and in the final state of the equilibrated compound
10-1;_ F*Z_nxz ;(_nxz _ nucleus. Smooth interpolation between these two reference
ol 3 d points is done essentially without free parameters assuming
500 —t—+— I : —t+— that the effective one-dimensional potential has the Woods-
> ; ; Saxon shape
2 400 i T HEN .
2 E E, * —
Ngsoo— L + Ethr.‘ 1 Vn(r)=%. )
8200 | .-.' ' + i, s 1+ exp( O)
% ; i a
SRR I
SN I W The depth of the nuclear potentidl, is determined by the
150 160 170 180 190 150 160 170 180 150 200 ground-state energy of the compound nucleuigh its intrin-
Center of Mass Energy (MeV) sic Coulomb energ{.,, and shell correctiois,,, subtractedy

taken relative to the sum of the ground-state energies of the

FIG. 1. lllustration of the criterion used for determination of the two separated nuclei, also with subtracted intrinsic Coulomb
fusion energy thresholds using the example of fusion excitatiorbn ; ' ; ; .
ergiesC; andC,, but shell corrections included:

functions(top) and deduced fusion barrier distributiofimttom) for 9 ! 2

the “°Cat 1%%0s and“°Ca+ %Pt reactions measured by Bierman
and co-worker$3]. Data points are redrawn from Fig. 5 of RE3].
Horizontal arrows indicate calculated values of th@ave absorp-
tion cross sectionrx2. The corresponding fusion energy thresholds
E,, are indicated by vertical dashed lines. They coincide with theVNe€reM, M,, andM, are the ground state masses and
low-energy edge of the fusion barrier distributions.

VOZ(M1+M2_Mcn)cz+ccn_C1_C2+Scnv (3

Cen=C1—C=Cy

defined by Eq(1) returns values ok, which can indeed be (2,+2,)2 722 Z2

identified with “the lowest barriers” within the fusion-barrier = 0_7054{ 1772

distributions. We have checked that this is the case in all (

other reactions taken for our analysis. )
In Table I, we list all the reactions for which we have

determined the “experimental” values of the fusion and/or yare the Coulomb energy constant is taken from the stan-
capture energy thresholy, with the use of Eq(1). The 54 jiquid-drop-model fit to nuclear masge4]. The shell
corresponding values of ttewave absorption cross section correctionS,, in Eq. (3), which we take from Ref22], has
mXx? are also listed. Fusion and/or capture excitation funciy pe subtracted from the ground state energy of the com-
tions for about 50 systems, taken from Relf8-18 have 4 nq hucleus because it produces only a localdéar the
been used. Apart from the capture data for the heaviest sy quilibrium shapgin the flat landscape of the nuclear poten-

tems[17,18, for all these reactions the excitation functions ;5| energy represented by the inner part of the Woods-Saxon
were measured with high precision and they are known af o ntial.

least down to the threshold limit given by Ed), which for The diffuseness parameterin Eq. (2) is determined by

heavy systems is of the order of 0.1 mb. However, lighty,e sirength of the nucleus-nucleus contact fd&3 at the
systems and also some heavier but very asymmetric SySterﬂilching distanceR,=R; + R,, calculated in frame of the
involving light projectiles ofA<28 are not included. This liquid-drop model

limitation is dictated by the macroscopic approach used in

our interpretation of the fusion energy thresholds. dv v R.R
In the following section we give a prescription for a (—”) :—0:4777 12 , (5)
simple nucleus-nucleus fusion potential. The fusion barriers dr r=Ry 4a Ri+R,
calculated with this potential will be compared with the ex-
perimental fusion energy thresholds listed in Table I. where
Ill. THE ADIABATIC FUSION POTENTIAL y= 0.951% 1— 1.7826( N;\ Z) ? MeV/fm? (6)

A. Nuclear potential

In the macroscopic approach, the potential energy of as the value of the surface tension coeffici¢@i] of the
nucleus-nucleus system undergoing fusion is usually consiccombined system with the number of neutrdws N;+ N,
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TABLE |. Fusion energy thresholds,,, deduced from experimental fusion excitation functions using the
criterion of thes-wave absorption cross sectiar(l=0)= 72, compared with the fusion barrier heights
calculated with the adiabatic fusion potenti&ly., and with the Bass potenti@p,gs.

a(1=0) Etnr Badiab Bgass
Reaction Ref. (mb) (MeV) (MeV) (MeV)
4Cat *Ca [6] 0.62 48.2:0.3 46.7 51.7
285+ 4N [9] 0.70 48.4-0.3 47.6 50.8
305+ G4Nij [9] 0.66 48.6-0.3 47.4 50.2
4Cat *Ca [6] 0.64 48.7-0.3 48.2 52.6
305+ 2N [9] 0.66 49.0-0.3 48.2 50.6
285j+ 62Nj [9] 0.69 49.10.3 48.6 51.1
305+ S8Nj [9] 0.67 49.7-0.3 49.3 51.2
4Cat “°Ca (6] 0.65 50.2£0.2 50.6 53.5
285+ S8Njj [9] 0.69 50.5-0.3 50.4 51.8
40Cat 50Tj [13] 0.55 53.70.3 52.3 57.4
Cat “8Tj [13] 0.56 54.1-0.3 53.0 57.8
3654 BN [9] 0.53 54.3-0.2 52.5 56.9
345+ BN [9] 0.54 54.3-0.2 53.0 57.5
3254 BN [9] 0.57 54.3-0.2 53.1 58.1
40Cat 4Tj [13] 0.56 54.4-0.3 53.9 58.3
365+ S8Njj [9] 0.53 55.4-0.2 54.1 58.0
345+ SONjj [9] 0.55 56.2-0.2 55.3 58.6
325+ 58N [9] 0.56 57.1-0.2 56.3 59.2
3654 967y [15] 0.35 72.0:0.3 70.7 79.3
3654 907y [15] 0.34 74.3-0.3 73.2 80.3
3254 110pq [11] 0.33 80.4-0.2 79.5 92.3
3654 110p( [11] 0.30 81.5-0.2 80.1 90.5
4OCat %67y [12] 0.27 87.5-0.3 84.9 100.8
64N+ 5*Ni [5] 0.23 89.5-0.3 86.0 98.1
58N+ 5N [5] 0.24 90.6:0.3 87.5 100.0
58N+ SONi [10] 0.24 92.5-0.3 90.5 101.3
“Ocat zr [12] 0.26 92.70.6 89.7 102.2
58N+ 58N [4] 0.24 93.8:0.3 91.8 102.0
4OAr + 12250 [7] 0.22 97.5:0.4 95.4 109.7
4OAr + 1165n [7] 0.22 98.2:0.4 96.9 110.9
4OAr + 11250 [7] 0.23 98.9-0.4 98.2 111.7
84Ni+ "“Ge [5] 0.19 99.0-0.3 96.1 111.3
S8Ni+ “Ge [5] 0.20 99.9-0.3 97.2 113.4
4Cat ?%sn [14] 0.20 106.7-0.4 102.4 123.4
4OCcat %n [14] 0.20 108.4-0.8 106.6 125.2
345+ 168 [16] 0.21 111.2-0.5 112.4 130.2
4OAr + 15Sm [7] 0.18 112.30.4 113.6 133.3
4OAr + 148Sm [7] 0.18 116.90.4 116.2 134.5
4OAr + 144Sm [7] 0.18 119.3-0.4 118.3 135.4
8Kr + "6Ge [8] 0.14 123.1-0.4 119.6 139.7
8Kr+ %Ge (8] 0.14 123.8-0.4 119.9 141.9
4Cat+ 19%0s [3] 0.13 153.2:0.5 147.0 180.4
86Kr+ 1o (8] 0.090 157.90.4 152.3 180.7
“0Cat 9%t [3] 0.12 160.6-0.5 152.7 185.4
8Kr+ Mo (8] 0.091 162.6:0.4 154.9 183.9
85Kr + 10Ru (8] 0.085 165.%+ 0.4 159.0 189.1
88Kr + 10%Ru [8] 0.085 166.50.4 159.7 189.9
88Kr + %Ru (8] 0.085 167.50.4 160.6 191.1
Ocat 23y [17] 0.11 168k 22 170.3 213.0
“8Cat 2%pp [18] 0.10 169- 22 166.5 187.4
“8Cat 23y [18] 0.090 18222 178.2 206.9
S8Fe+ 20%pp [18] 0.066 21722 208.4 244.9

@ nergy threshold for capture reaction.
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and the number of proton&=2Z;+Z,. Calculating the 20 a
liquid-drop-model contact force, we scale the radii and oo Adiabatic potential
R, of the two nuclei asoAifg, allowing for some fine-tuning < a4 Bass potential AN o

n

o

=}
T

of the value of thery parameter in order to obtain the best
agreement with experimental data, and we then keep this
value fixed for all nuclear systems. The “effective” radius
parameterr o, optimized in such a way, was found to bg
=1.15 fm, a value that can be associated with the nuclear
“equivalent sharp radius{24].

Having determined the parameters of the nuclear part of
the adiabatic fusion potential, E(R), a comment should be
made on the meaning of variabtein this one-dimensional
potential. For large values> Ry, its interpretation is clear:
can be identified with the distance between centers of the
two nuclei. However, forr<Ro_wher_e fusion procee_ds by o pros pyos p 250
through a sequence of shapes involving, e.g., formation of
neck between the two fragmen5], the variabler becomes
an effective(not well-defined distance variablealong the FIG. 2. Fusion barriers calculated with the adiabatic fusion po-
trajectory in the deformation space leading from the configutential (circles and with the Bass potentidtriangles, compared
ration of two nuclei in contactr(=R;+R,) to the equilib-  with the fusion energy thresholds deduced from measured fusion
rium shape of the compound nucleus<0). Fortunately, the [3-18 and capturg¢17,18 excitation functions. Results for capture
fusion barriers are located in the outer regionR,, where reactions are marked by thick-edge symbols.
the variabler is clearly defined.

o I3
o =}
T T

O

Calculated fusion barrier (MeV
T

Experimental fusion threshold (MeV)

IV. EXPERIMENTAL FUSION THRESHOLDS VS

B. Coulomb potential
ADIABATIC BARRIERS

For typical applications, such as determination of the fu- . _
sion barrier, it is sufficient to consider the Coulomb potential AS was discussed above, the nucleus-nucleus potential
only in the outer regiom >R,, where the point-charge ap- proposed in the previous section is expected to describe the

proximation gives sufficient accuracy adiabatic evolution of the system towards fusion, character-
ized by the lowest possible barrier. Therefore, we compare
Z,2,€? the experimental fusion thresholds, determined in Sec. Il and

V(r)= (7)  listed in Table I, with our theoretical adiabatic barri®g;.,

' defined by the condition(V,+V,;)/dr=0. The calculated

fusion barriersBgizpare listed in Table | and compared with
For completeness, in the inner regiost R, we propose to the experimental fusion energy thresholglg in Fig. 2. It is
use a simple one-dimensional parametrization which joinseen from this figure that there is a very good correlation
the known values of the Coulomb energy in the contact conbetween the thresholds,,, and the adiabatic barrieB,giap,
figuration V(r = Ry) =Z,Z,€°/R,, with that of the equilib- especially for medium-weight systems wih,, below 100
rium shapeV(r=0)=C,,—C;—C,=C,. Using for this MeV. For heavy systems, a good correlation between both
purpose the shape of the Fermi function which is consisterguantities still remains, although a clear, systematic effect of
with the parametrization of the nuclear poten¥alr), and  an increasing differencky,— Bgiap With increasing barrier
requiring continuity of the Coulomb potential and its deriva- height is observed. This effect is discussed in Sec. V.
tive atr =Ry, we obtain forr <R, For comparison, barrier heights calculated for the fre-
quently used Bass potentif26] are also shown in Fig. 2.
They are much higher than the experimental fusion thresh-
ka olds, the obvious consequence of the fact that the Bass po-
V(N =ki+ m’ ®)  tential is not adiabatic, but on the contrary, constructed for
+ex

frozen shapes of the colliding nuclei and thus giving rela-

tively high values of unrelaxed interaction barriers. Conse-

quently, the fusion barriers predicted with the Bass potential

where k;=2Cgro—Cp, k,=2Cy—2Cgq, and a,=Ry(C,  should be correlated with the upper part of the fusion barrier
— CRo)/2Cgo. In these expression€go=Z,Z,e%/Ry andC, distributions rather than with the fusion thresholds. There-

is defined by Eq(4). The sum of the nuclear potenti€?)  fore, the gap in Fig. 2 between predictions of the adiabatic

and the Coulomb potentidlr),(8) gives the dependence of potential and the Bass potential can be associated with the
the total potential energy of a nucleus-nucleus system on theange of the barrier distributions deduced from the fusion-

distance variable, thus determining the height of the fusion barrier excitation functions.

barrier. It is important to note that the correlation between the

C
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130 ity of using this correlation for predictions of the energy
. 404, . 144148154 thresholds for very heavy systems for which fusion cross
EI iﬁ?aeg'a?grgotemm Ar+ Sm sections cannot be reliably measured. We should note, how-
E ever, that in case of very heavy systems, the fact of overcom-
® ing the entrance barrier does not guarantee formation of the
compound nucleus because the system may reseparate along
the fission valley. Thus, referring to the process in which
I?‘“’ 12116122 such a heavy system overcomes the barrier,_ we should use
Ar + Sn the term “capture cross section” instead “fusion cross sec-
Dm 006 tion.” After being captured, the combined system may either
Ij Ca +%Zr fuse or reseparate undergoing a fissionlike process, fre-
W %236 , 119pg quen.tly calleq “fast fissjon.” _

With the aim to predict the capture cross sections for very
heavy systems, in our compilation we have included results
oL = ™ " f_or four heavy systems, for which capture excitation fL_Jnc-

s 73 tions had been measur¢l7,18 at near-threshold energies
Z\Z /(A "+ AT) allowing the determination of the capture energy thresholds
by using the same criterion of E(L) as in the analysis of the

FIG. 3. Comparison of experimental fusion energy thresholdsigjon reactions. The capture energy thresholds and the cor-
Eq With calculated adiabatic fusion barriers for selected reaCtlon?’esponding adiabatic barriers for th&Ca+ 238U  8Ca

with distinct isotopic effects, manifested by deviations from smooth+ 208Dy, 48Car 238, and et 2%Ph systems are listed in

: P 1/3 1/

dependence of the barrier height BgZ, /(A;+ A3"). Table I. They are also shown in Fig. 2, marked with different
experimental fusion thresholds and Bass fusion barriers isymbols. It is seen from Fig. 2 that the correlation between
worse than in the case of the adiabatic barriers: the pointgy,, andB,4ap €Stablished for fusion reactions, naturally ex-
calculated with the Bass potential are more scattered in Figends to the domain of capture processes in collisions of very
2, and do not show such a regular linear dependence as tieavy systems.
points corresponding to the adiabatic barriers. It is very As mentioned previously, for very heavy systems, the cal-
likely that this difference results from the nuclear-structurecylated adiabatic barriei ., are smaller than the experi-
(isotopig effects which are not accounted for in the Bassmental fusion thresholdg,, . (The circles representing large
potential, vyhlle present in the adiabatic potential. values ofB,qplay in Fig. 2 below the diagonalWe inter-

We remind here that the depth of the nuclear part of theEret this difference as the “extra-push” enerf7], i.e., an
adiabatic potentiaV/, depends on the ground-state masses of, s of kinetic energy above the top of the interaction bar-

g:?uctm?alnurge:arl:iggec:??rzggnazlsgr?élIseef(feecEtgsﬁ)deEcsxrsrigttli?)L rier that is necessary in order to overcome the barrier and
prop ’ achieve fusion(avoiding reseparation of the systgnTo

energy, isospin, etg. which are included in the nuclear : . . - ) )
masses, obviously influence the height of the fusion barrie}’.e”fy this hypothesis, we ca}lculated realistic fusion trajecto-
' ries for several systems using the cadeoL based on the

when the structural effects “dissolve” during the transition ) . > RS
from the dinuclear to mononuclear configuration. As it isclassical dynamical model with one-body dissipation, pro-

seen from Eq(5), the diffuseness parametrrelated oV, posed by Feldm_e|e[|28]. In the_se S|ml_JIat|ons, a trajectory at
also depends on the ground-state masses of the fusing nucli€ lowest possible energy still leading to fusion was calcu-
This additionally amplifies the modulation of the adiabaticlated for central collisions|(=0). To give some examples:
fusion barrier by structural properties of the nuclei undergothe excess of kinetic energye,,, necessary to overcome
ing fusion. the highest point of the potential energy along this “first-
The effect of nuclear structure is illustrated in Fig. 3. Ex-fusing” trajectory was found to be only 1.0 MeV for the
perimental values df, for several groups of reactions with “°Ca+ %%Zr system, but already 6.3 MeV for a considerably
distinct isotopic effects have been plotted as a function oheavier “°Ca+ 9%t system. An essential part of the extra
lezl(A}’3+ A%B), the quantity that should precisely scale push energy can be attributed to the dissipative loss of ki-
fusion barriers in the absence of nuclear structure. Howevenetic energy during the approach to the top of the interaction
due to the isotopic effects, the experimertg|, values evi-  barrier, and the remaining part of it is an excess of kinetic
dently show irregular deviations from the expected smoothenergy at the top of the barrier, necessary to avoid resepara-
nearly linear dependence ahyZ,/(A7*+A}3. It is seen tion. The calculated values of the extra push energy agree
from Fig. 3 that the barrier heights calculated with the adiawith the average trend in the observed differendgs
batic potential closely follow all these irregularities. This re- —B_ ...
sult indicates that the nuclear structure effects are accounted By averaging the difference&

-
n
(=]

-
o

©
=1

Adiabatic fusion barrier (MeV)

extra= Ethr— Badiaby W€

for in the adiabatic potential quite well. found thatE,,, can be approximated by
V. CAPTURE ENERGY THRESHOLDS FOR VERY HEAVY
SYSTEMS Eextra= 0.1B,gia5— 12 MeV  for  Bggias>100 MeV,

Very good correlation between the experimental fusion
thresholds and the adiabatic fusion barriers gives a possibil- Eexra=0 for Bggiag=100 MeV. 9
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arrows. ForZ=104, two arrows are drawn, indicating the
range of bombarding energies at which the “cold fusion”
reaction was observed/Ne should remember that the poten-
tial energy curves shown in Fig. 4 represent a simplified
one-dimensional trace of the fusion trajectory in a more com-
plex multidimensional space. In this one-dimensional presen-
tation, the conventional saddle point, leading a trajectory to
fusion, is represented by a maximum near the compound
nucleus configuration. The maximum is formed only due to
shell effects which quickly vanish with increasing deforma-
tion (or “distance” in notation on Fig. 1 Without shell ef-
fects there is no minimum at the equilibrium shape for so
heavy composite systems.

The calculated fusion-potential curves illustrate a ten-
dency characteristic for very heavy systems: contrary to
lighter systems, the potential energy of the compound
nucleus is raised to a level comparable or even higher than
the height of the entrance-channel Coulomb barrier and
therefore the apparent well in the potential energy behind the
barrier becomes very shallow.

The adiabatic barriers shown in Fig. 4, corrected for the
energyEg,y, Needed to overcome the barrier, represent the
. . . predicted values of the fusion energy threshigjg at which

0 5 10 15 20 we know approximately the fusion cross section or, for very
Distance (fm) heavy systems, the capture cross seatigy Ey,) ~ 7. As
FIG. 4. Fusion potential energy curves for theTi ! iz;een from Fig. 4, foZ = 11%\,;thr is ?Irea%y below thg‘
- . _ ) saddle-point energy. Myers anavitecki[31,32 suggeste
+ 2%Pb, 7Zn+ 2%%Pb, and “Kr+ 2*%Pb reactions, in which new .+ this effect of “unshielding” the saddle point explains

elements ofZ=104, 110, and 118, respectively, were synthesizethy the cross section for the production of the-118 ele-

gzi\?éiqbysggi.(I'Zr;?ts;e;rﬁ??; ' (g;,e rz:;fgirvg:;sﬁzuggz 2?t§]rg'alment turned out to be enhanced with respect to the extremely
shell correction energys,,, which is assumed to vanish at the low value predicted from extrapolation of the exponential
saddle point, is indicated by dotted linéSee texy. trend observed for lighter elements of ¥0Z2<112. Accord-
ing to Refs.[31,32, only due to this unexpected enhance-
o ) ] ) ment factor, could the new elemert=118 have been suc-
This simple expression fits the observed differenEgs cessfully produced.

— Bagiapand also agrees with the general trend in magnitudes  yo\yever, in our opinion, the completely unshielded reac-
of the extra push energies calculated with the ceezoL. tions, such as in case of th¥Kr+ 2%8Pb system, do not

Therefore, Eq(9) can be used for correcting predictions of directly guarantee an enhancement of the cross section for

fusion energy threshold&y=Bagias™ Eexrar When precise compound-nucleus formation. The lowering of the en-
experimental information on the fusion excitation function is . . .
trance barrier with respect to the saddle-point energy can

not available. We propose to use the same correction given_ "~ . . .
by Eq.(9) also for capture reactions, in spite of the fact thatOnly increase the capture cross secupn, but th|§_ effect is
the extra push energy cannot be clearly defined and predictdfoPably counteracted by the decreasing probability of the
in the dynamical model calculations for this class of reac-ransition of the dinuclear composite system into the com-
tions. pound nucleus. This expectation follows from the dynamical
Predictions of the fusion-potential energy for very heavyModel calculations assuming the strong one-body dissipa-
nuclear systems used for production of superheavy elemeni®n. Such calculations show that the available kinetic energy
are shown in Fig. 4. Displayed are results of calculations fofS almost immediately thermalized once the interaction bar-
the 5°Ti+ 298pp and 7°Zn+ 2°8Ph reactions used at GSI rier is passed. Consequently, further radial motion towards
Darmstadt to produce elemeris- 104 andZ=112, respec- fusion is stopped, and in order to fuse, the system must climb
tively [29], and for the®Kr+ 2%%b reaction used at LBNL and overcome the saddle stochastically.
Berkeley [30] to synthesize theZz=118 element. Experi- Our joint work along these lines withv8atecki led us to
ments with these nuclear systems were carried out at thine conviction that realistic estimates of the capture cross
bombarding energies, at which the expected excitation ersections, combined with the concept of thermal fluctuations
ergy of the compound nucleus does not exceed 14 MeV thugoverning the transition of the “clutched” composite system
ensuring the “cold fusion” process characterized by evapodinto the compound nucleus, pave the way for reasonable
ration of only one neutron from the compound nuclgifie  quantitative estimates of the cross sections for production of
bombarding energies are indicated in Fig. 4 by horizontahew superheavy elements.

200
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300 [
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250
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