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Nucleus-nucleus proximity potential and superheavy nuclei
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Using up-to-date values of nuclear radii and of the nuclear surface tension, the 1977 proximity treatment of
nucleus-nucleus interaction is confronted with 113 measured fusion barriers: A¥eoverestimate of theory
with respect to experiment, seen in a similiar comparison in 1981, is no longer present. The calculated
proximity barriers, when applied to fusion reactions used to produce heavy elements with atomic Zumber
=102-118, suggest that the unexpectedly large cross section observed in the réfatiof?Pb—2°%118
+1n may be due to the sinking of the Coulomb barrier below the level of the bombarding energy. Tests of this
hypothesis are suggested. Some consequences of the appearance of such “unshielded” reactions for very
heavy systems are discussed. An Appendix supplies very accurate analytic formulas for the universal nuclear
proximity force and potential functiong and®. This does away with the need to consult the tables published
in 1977.

PACS numbgs): 21.10.Dr, 25.70.Jj, 27.98b

[. INTRODUCTION cently measured cross sections for the synthesis of very
heavy nuclei.

Knowledge of the nucleus-nucleus interaction potential is
an essential ingredient in the analysis of elastic and inelastic Il. THE PROXIMITY POTENTIAL
scattering, as well as of fusion reactions between nuclei. In
particular, information concerning this potential is necessary For two approaching nuclei with atomic numbéts and
for interpreting and estimating cross sections for the syntheZ, , center separation and density distributions assumed
sis of superheavy elements. spherical and frozen, the nucleus-nucleus interaction poten-

The proximity potentia[1] provides a simple formula for tial may be approximated as follows:
the nucleus-nucleus interaction energy as a function of the
separation between the surfaces of the approaching nuclei. Z1Z,e
The formula is free of adjustable parameters and makes use V()=
of the measured values of the nuclear surface tension and the

surface diffuseness. However, in order to relate the separyereeis the charge unit and stands fors/b, whereb is the
tion between the nuclear surfaces to the distance between ”@gtssmanmmeasure of the diffuseness of 'Ehe nuclear surface

centers of the approaching nuclei one needs, in“ addition, 1], taken as 1 fn{4], ands is the separation between the
accurate expression for the relevant nuclear raulid, in the half-density surfaces of the nuclei, given by
case of deformed nuclei, for other geometrical properties of

the nuclear density distributiondn the early applications of —r—(Cat

the proximity potential to the calculation of fusion barriers, s=r=(C1+Co), &)
the surface energy was taken fr¢@1, and the nuclear radii
from a rough semiempirical formu[d], dating back to 1967

and 1977, respectively. In 1981 proximity barriers calculate gneasurements of nuclear sizes refercharge radii, from

Ifgrtzljs\{é?%/;\:zrnegicnogﬂfggg evr%;? OT&TE‘;&LU%?”.P&”Hwhich the matter radii have to be inferred. This may be done

result was that the theory overestimated the measuremepggh_rtﬁeg.elp Of.th? droplet mc??el’ ?S (iltgslc]cr|beg dIIT ﬁ\ppe(;ldlx
by about 4% on the average. For a parameterless theory thi € dimensioniess proximity potential functi ase

could be considered a success, but in practice a deviation a Thomas-Ferm| treatment of the nuclgar S.“”‘?"e’ was
4% for a barrier of the order of 200 MeV implies a signifi- abulated in[1], and an analytic representation is given in

cant deviation of 8 MeV. Appendix B. The strength factdf is given by

In the past 25 years considerable progress has been made
in the accurate determination of nuclear properties, including
the surface energy coefficield] and nuclear radii5]. Using ) . .
such up-to-date values of nuclear parameters, the present p4hereC is the reduced radius defined by
per reanalyzes the confrontation of the proximity barriers

2

+KD(7) for s>0. 1)

whereC, andC, locate the half-density radii of the matter
Odistributions of the two nuclei(The most comprehensive

K=4myCb, ©)

with the 1981 set of measurements[Bl, as well as with C=C,C,/(C1+Cy), (4)
more recent data. The result is that the 4% discrepancy be-
tween theory and measurement is no longer present. and where fory we shall take the mean of the surface ten-

In the second part of the papéBec. I\V) we present an sion coefficients appropriate for the two nuclekplicit ex-
application of the proximity treatment to a discussion of re-pressions are provided in Appendix.A
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FIG. 1. The percentage deviations of experimental from calcu- FIG. 2. The same data as n Fig. 1, but displayed as the actual
lated fusion barriers. Diamonds refer to a group of “light” reac- rather than the_ percentage differences between experimental and
tions, circles to “mixed” reactions, and triangles to “heavier” re- calculated barriers.
actions, all dating back to 198%ee text. Stars refer to mean values
of barrier distributions deduced from more recent measurement$ll 98 points is—0.01% to be compared with a deviation of
The two vertical bar symbols indicate typical variances of suchabout—4% according to Fig. 5 ifi3]. The rms spread of the
distributions. deviations in Fig. 1 is 3.30%. For the three separate groups

of reactions the corresponding numbers are as follows: mean

In what follows we shall be concerned only with the case2.74%, rms 3.64%(“light” ); mean —0.68%, rms 3.37%
whens>0, where the electrostatic repulsion is given to an(“mixed” ); mean —1.66%, rms 2.89% “heavier”). The

adequate approximation &,Z,e?/r. stars in Fig. 1 refer to more recent data, ranging frio
The maximum in the interaction potential is obtained +4Sm to 8Kr+1%Ru [6]. In those references the fusion
from data were analyzed not in terms of a single barrier, 48Jin

but in terms of distributions of barrier heights. A star in Fig.
dv z,Z,e* K 1 indicates the approximate mean of such a distribution. The
a2 + 5 ¢0)=0, (5 variances of the distributions are typically 2% to 6% and a
nominal value of 4% is indicated by a vertical bar attached to
two of the stars in Fig. 1(These are not experimental errors,
but illustrations of typical variances of the distributions de-

where ¢, the proximity force functior(the negative deriva-
tive of ® with respect to{) is also tabulated ifl] and :

. . . duced from the analysis of the data.
represented by a formula in Appendix B. Equatighsand Figure 2 displays the actual valuesBfy,~ By, in MeV.

(5) define a nominal fusion barrier. It is “nominal” because ) . AR
it refers to frozen, spherical density distributions. Such bar—FOr the 98 pointsexcluding the stajsthe mean deviation is

riers can serve as baseline estimates with respect to whigh g'aa\ie'\r/,l,e\(hgogfﬂfe;hfne disnepa;itsqgé?:p;rféorg 1|E;ghh5|et\(/)
one may discuss the effects of degrees of freedom other tha_0 34 MeV. and— 0 8(? VeV 9 ' ’
the single approach variabie These may include deforma- i €v.a : ev.

tion and orientation degrees of freedom, changes in th Figures 1 and 2 suggest the following conclusions. First,
’ H 0, H

nuclear density distributions, as well as effects of quantaThe systema_t|c_4/o overestimate of the measured _val_ues by

fluctuations in these variables. he old proximity barriers is no longer present. This is the

result of using accurate values of nuclear rddither based
on measuremenfd] or on accurate systematifs]) as well
Ill. COMPARISON WITH MEASUREMENTS as the use of the nuclear surface energy coefficient given by
the well-tested Thomas-Fermi model [@f]. (See Appendix
Figure 1 displays, as a function @ Z,, the percentage A.) Thus, the one-degree-of-freedom proximity barriers pro-
deviations Beyp— Bin)/Bin of 98 calculated barriers from vide a baseline close to measured values of fusion barriers. It
the 96 measured values listed[Bl. (In one case there were s quite remarkable that even for the “light” reactions the
three different calculations with slightly different radii as- observed barriers differ on the average by a mere 0.18 MeV
sumed for the interacting nuclei—hence the extra two calcu¢2.74% from the values calculated using the proximity
lated entries. Figure 1 may be compared with the bottom scheme, which formally is supposed to be accurate only for
panel of Fig. 5 in[3], which displays the negative 0B(,, large nuclei, whose surface curvatures are smdhe
—Bih)/Bexp as a function of log,Z,. The diamonds in Fig. “light” reactions include 5 cases whertHe was the projec-
1 refer to a set of 29 “light” reactions with botZ; and tile.) But note that for the combined group of 49 “heavier”
Z,<9, the circles to a set of 35 “mixed” reactions with reactions(34 triangles and 15 of the 17 stars in Fig.tBe
eitherZ, or Z,<9, and the triangles to a set of 34 “heavier” experimental barriers are on average 1.07 Madlow the
reactions with botlz, andZ,>8. The average deviation for proximity baseline. This small difference may or may not be
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significant in view of the uncertainties in the analysis of thetems, guards the compound nucleus against a direct attack at
data, but the implied trend in the deviations would not bethe low energies designed to result in the emission of one
unexpected as a possible effect of degrees of freedom otheeutron. At these energies it is quite remarkable that in the
thanr, whose presence is suggested by the observed widthgproach degree of freedom the lighter projectiles up to
of the barrier distributions. _ _ _ 79Zn would be stopped already around gentle contact, where

On the whole, it is likely that displaying experimental the tails of the nuclear densities are barely touching. The
data with respect to the nominal proximity barriers maysystem is then faced with either relying on quantal penetra-
throw light on the participation of additional degrees of free-tion of the Coulomb barriefwhich can drastically reduce the
dom in fusion. One may also hope that the calculated barriergross section or avoiding the barrier by making use of a
will prove to be a fair guide for estimating fusion barriers in neck-growth degree of freedom. The danger with the latter is
cases where measurements do not exist. that this injects the system into the fission valley, whose
bottom at the elongation corresponding to gentle contact is
not only below the level of the saddle-point barrier guarding
the compound-nucleus ground state, but also sl@veay

In this section we shall describe a recent application of thdrom that barrier, in the direction of fission. This is the phys-
proximity potential to an examination of fusion cross- ics of the entrance channel hindrance that goes by the name
sections. The upper part of Fig.(taken from[8]) shows the of “extra push” [9]. It is likely that this hindrance factor is
exponentially decreasing cross-sections for synthesizingontributing to the rapid decrease of the cross sections in Fig.
heavy elements by bombardind®b and?°Bi with pro- 3 [9]. By contrast, once the Coulomb shield is out of the
gressively heavier projectiles, froffCa, through’%Zn to  way, the system has a chance of proceeding for a time—at
86Kr [9,10]. The bombarding energies were always such thateast to firm contact, if not beyond—alorigr close t9 the
the excitation energy of the compound nucleus was about 1Simple approach degree of freedom, avoiding the near-fatal
MeV which, up to *®Fe+2%%Pb, appears to be optimal for growth of the neck. This will be the more likely the larger
emitting just one neutrorfWith projectiles heavier thaffFe  the stabilizing effects of the shell energy in the target and
excitation functions that would determine the optimum valueprojectile: the shell energy resists neck growth because this
of the excitation energy are fragmentary or nonexistent.extra binding is certain to be destroyed by a growing neck. In
Note the break in the systematics of the cross sections ithis connection it is interesting to note that the shape-
going from 7°Zn to ®%Kr. The thick curves in the lower part dependent “congruence energy” dfl2], related to the
of Fig. 3 show the interaction potentials in the entrance‘Wigner term” in nuclear mass formulas, acts like a shell
channel—electrostati@ashed curveplus proximity—in re-  effect: it too resists the transformation of two nuclei into one,
lation to the bombarding energy, shown by the thick horizon+esulting from the growth of the neckThe negative congru-
tal arrow. The potential energies are plotted against the oveence energy is approximately halved after fusiohs an
all extension of the reacting system, i.e., as a function of thdlustration, in the reaction’°Zn+2°%b, the initial shell ef-
distance between the outer tips of the approaching partnefgcts are 2.82 MeV and-13.41 MeV, respectively, and the
(assumed spherigabefore contact, and as a function of the change in congruence energy is from an initial value of
major axis of the fusing configuration after contact. Thus the—9.60 MeV (the sum of—5.49 MeV and—4.11 MeV for
medium weight vertical line corresponds to the diameter of dhe projectile and targgto the final value of—4.42 MeV,
spherical compound nucleus, the thin vertical line to the confor a total neck-resisting energy of—(13.41+2.82—9.60
tact of the half-density radii‘firm contact”) and the dashed +4.42) MeV=—15.77 MeV. (All the above estimates are
vertical line to the contact of the density tailggentle con-  based or{4].)
tact”). The latter is where for the first time the fastest nucle- The reason why unshielded reactions in Fig. 3 make their
ons in the approaching nuclei can be exchanged without helpppearance only with sufficiently heavy target-projectile
from quantal penetration. At “firm contact” the slowest combinations is quite elementary. The energy needed to de-
nucleons can be exchanged for the first time. According to &rm a compound nucleus into two tangent fragments is re-
Thomas-Fermi model of the nuclear surface, “gentle con-sisted by the surface energy and favored by the Coulomb
tact” is about 2.74 fm outside “firm contact[1]. The thick  energy. Hence, the greater the charge on the compound
dashed curve is a free-hand interpolation of the entrancaucleus, the lower the Coulomb barrias measured with
channel energy between firm contact and the spherical comeference to the ground-state engrgibove some critical
figuration. The medium weight curve is the macroscopic de€harge the Coulomb barrier will sink below the ground-state
formation energy along the fission valley in the absence oénergy(or this energy augmented by some constant, like the
shell effects(lt is a liquid-drop estimate of the deformation 13 MeV in the examples aboyeThis happens first for de-
energy along the “y-family” of saddle-point shapes—seeformation into two equal pieces, where the Coulomb energy
[15].) The most important effect of shell structure is to pro-relief is greatest. For even higher charges there opens up a
duce a ground-state hollotindicated by a diamondwhich  range of fragment asymmetries for which unshielding takes
is guarded against fission by a barrier, whose position iplace.(Negative shell effects in the fragments will enhance
shown by a squargll]. the unshielding by lowering the energy of the tangent con-

Figure 3 suggests a correlation between the break in thiguration)
systematics of the measured cross-sections and the lowering Coming back to Fig. 3, is it really true that it is the un-
of the Coulomb barrier “shield” which, for the lighter sys- shielding in the®Kr+2%Pb reaction that is responsible for

IV. SUPERHEAVY NUCLEI
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FIG. 3. The upper part refers to cross sections for synthesizing heavy elemen@=62 to 118 in bombardments 6¥Pb and?°*Bi
with projectiles from*Ca to 8Kr. The lower part gives three examples(oenter-of-masspotential energy plots along the fusion valley
(thick curves and fission valleythin curves. The plots are against the overall, tip-to-tip extension of the fusing or fissioning configuration.

(See text for details.Somewhere between the reactions Zn on Pb and Kr on Pb the Coulomb barrier dips below the bombarding energy,
indicated by the thick horizontal arrow.

the enhancement of the corresponding cross-section by sonh@ make an experimental test of this conjecture. Thus, ele-
four orders of magnitude with respect to a simple extrapolament 112 was produced with a picobarn cross-section at the
tion? It is very difficult to be certain, and we must regard thisGSI laboratory in the shielded reactiorf®Zn+2%pPh
interpretation as a tantalizing hypothesis that needs to be278112=27"112+1n [9]. The identical isotope can be
confirmed. But it turns out that it should not be too difficult reached in the unshielded reactioi®e+4Ce=2"8112
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280 Unshielded reactions, if proved beneficial, would open a
i broad avenue for making several new elements and many
new isotopes in the region @>104. In particular, the pros-
pect for reaching the island of superheavy nuclei arohind
=184 andZ=114-126 would be much improved. Of the
many fascinating candidate reactions, the unshielded combi-
nation *%Ke+ 17%Er=3%%122+ 1n would be especially inter-
esting, because its alpha decay products would overlap the
decay chain 0f?8%114, suggested last year by the Dubna-
Livermore collaboration as the result of the reactiica
+244py=28%114+ 3n [13]. These reactions may represent the
i closest approach to the predicted superheavy island centered
230 L at aboutZ=114, N=182 according to[11]. The *%e
13 18 23 28 + 1% reaction has actually the advantage over ff@a
Overall length (fm) +2‘_‘4Pu reaction of not using a rare projectile isotope and a
radioactive target, and of being free of an alpha-decay back-
ground that may accompany transfer reactions on a heavy
target. Also, if the island of stability turns out to be stretched
or even shifted towards higher valueszdffor which there is
some recent evidendé4]), then the Xe-Er reaction might
be close to sampling the most stable part of such an island.
The above qualitative considerations, stimulated by the
juxtaposition of the cross-section trends with proximity bar-
riers in Fig. 3, suggest interesting perspectives for the future
of heavy-element research. But it remains for the forthcom-
ing experiments to decide on the feasibility of realizing these
hopes.
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because in the latter case an attempt was made to allow for th8f the U.S. Department of Energy under Contract No. DE-
anticipated slight attenuation of the shell and congruence energieRCO3-7éSi:00098 and by the U.S.-Poland Maria
as the approaching nuclei begin to interpct. Sklodowska-Curie Joint Fund I o

=277112+1n. Will the cross section be one or more orders

of magnitude higher!? The two reactions are illustrated in APPENDIX A
Fig. 4. The compound nucleus is the same, the excitation is . ) o
the same, the only difference is in the entrance charthés. We used[7] to determine the half-density radi either

also important to note that the neck-resisting shell androm the quoted “two-parameter Fermi function™ fits or, in a
conguence energies are not very differentt5.77 MeV in  few cases of light nuclei, from other parametrizations of the
the shielded reaction and 12.52 MeV in the proposed un- charge distributions. For nuclei not listed [ii] we had re-
shielded reactioi. course to the accurate formulas frd| representing the

A similar test of the unshielding hypothesis would consistmany measured rms values of the charge distributions,
of comparing the shielded reactiorPFe+2%%Pb=256108 (rz)l’z, expressed in terms of “equivalent rms radii.” These
(which produced?®®108 with a peak cross section of about are denoted bRy, in [5] (and byQ in [15]) and are approxi-
70 picobarng9]) with the unshielded reactiof?®Te+1388a  mated in[5] by
=266108. This comparison would be easier on account of the

larger cross sections, but it is more ambiguous. This is be+w, _ =a/ 2 12_ 13 1.646 ]A_ZZ
cause the neck-growth-resisting shell and congruence enerF-200 SI%r) 12400 1+ A 0.19 A fm.

gies are rather different in the two casesi9.06 MeV for (A1)
the shielded reaction versusl11.22 Mev for the unshielded

one, and this is expected to counteract the benefits of unFo convertRy, to the half-density radius we use the rela-
shielding. tion
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(A2)

obtained by eliminating the “equivalent sharp radiuR’be-
tween Eqs(4.17) in [15].

According to the droplet modélL6] the matter radiu€
of a nucleus withN neutrons and protons is related to the
charge radiug by

C=c+(N/A, (A3)
where the neutron skihis given by
3 Jl-5cZA B
t= ErOL (A4)

Q+ §JAIR

Here the radius constang has the value 1.14 fm, the sym-
metry energy coefficiend is equal to 32.65 MeV]=(N
—2)IA, c,=(3/5)(e?/r,)=0.757895 MeV and (not to be
confused with the equivalent rms radi@in [15]) is the
neutron skin stiffness coefficient, equal to 35.4 MdVhe
values of all these nuclear parameters are taken figm

Expressing the surface tensignin terms of the surface
energy coefficient, defined bya,=4mr,2y, we may re-
write the strength factoK as

bcaz
ra

(A5)
For a given nucleus, the value af, including its depen-
dence on neutron excess, is given by

a,=18.63 MeV-Q(t/ry)>. (AB)

For a, in Eq. (A5) we shall take the average of the values %4

appropriate to the two interacting nuclei, viz.
a,=18.36 MeV-Q(t?+t3)/2r3, (A7)

wheret; andt, are evaluated using E¢A4). [A subtle ques-
tion concerns the sign of the second term in &), which

PHYSICAL REVIEW C 62 044610

depends on how one splits the total energy of a finite nucleus
into a bulk term and a surface correction.[lk¥] these two
versions of the surface tension coefficient are denoteg by
andy,, and are given by Eq$78) and(79) and illustrated

in Fig. 5 in that reference. For finite nuclei, either definition
of the surface tension will give the correct total enefthe
appropriate bulk term making up for the differencbut it

can be show18] that only the version with the minus sign

is truly associated with the surface region, and thus repre-
sents the nuclear surface tension that should be used in the
proximity strength factot.

APPENDIX B

The proximity functionsé(¢) and ®(¢) tabulated in[1]
may be represented as follows:

5
¢><§>:i§0 cn(2.5-0)",

5 Cn
q>(5)=—0.1353+__20n+1(2.5—§)“+1 for 0<(¢<2.5,
(B1)
B (2.75-¢)
¢({)=—0.1331ex 07176 |’
- (2.75-0)
®(¢)=-0.09551exp-o—=| for {>25. (B2)

The values of the constants, are as follows: cg
=-—0.1886,c,= —0.2628,c,= —0.15216,c3= —0.04562,
=0.069136, andts= —0.011454.

On the average, the above expressions reproduce the tabu-
lated values to within about three units in the fourth decimal
in the case ofp and better than that in the case ®f For
{>2.74 the exponential expressions are exact representa-
tions of the Thomas-Fermi calculations of the proximity
functions[1].
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