NH,
3

g‘g% PHYSICS LETTERS B

ELSEVIER Physics Letters B 526 (2002) 315-321

www.elsevier.com/locate/npe

Interaction potential between heavy ions

V.Yu. Deniso?P

2 GY, Planckstrasse 1, D-64291 Darmstadt, Germany
b Ingtitute for Nuclear Research, 03650 Kiev, Ukraine

Received 5 September 2001, received in revised form 2 November 2001; accepted 27 December 2001
Editor: J.-P. Blaizot

Abstract

The semi-microscopic potential between heavy ions is evaluated for various colliding ions in the approach of frozen densities
in the framework of the extended Thomas—Fermi approximation whtcorrection terms in the kinetic energy density
functional. The proton and neutron densities of each ion are obtained in the Hartree—Fock—Bogoliubov approximation with
SkM* parameter set of the Skyrme force. An expression for the ion—ion potential well fits the semi-microscopic potentials in
the wide range of both colliding ions and distances between the2@02 Elsevier Science B.V. All rights reserved.

PACS: 21.10.Dr; 25.70.Jj; 27.90.+b
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1. Introduction and summary nuclear part of the nucleus—nucleus potential is less
defined. There are many different approaches to the
nuclear part of the interaction potential [1-8]. Unfortu-
nately, barriers evaluated within different approaches
for the same colliding system differ considerably,
especially when both nuclei are very heavy or one nu-
cleus is very heavy and another is light. The uncer-
tainty of the interaction potential between heavy ions
near the touching point gives rise to a variety of pro-
e posed nuclear reaction mechanisms. So, there is a need
to reduce the uncertainty of the interaction potential
around the touching point.

Below we evaluate the nuclear part of interac-
tion potential between heavy nuclei in the semi-
microscopic frozen density approximation due to a
short reaction time. The frozen (or sudden) approxi-
 E-mail addresses: v.denisov@gsi.de, denisov@kinr.kiev.ua mation is good for evaluation of the ion—ion potential
(V.Yu. Denisov). near the touching point at collision energies above the

Knowledge of the ion—ion interaction potential is a
key ingredient in the analysis of nuclear reactions. By
using the potential between nuclei we can estimate the
cross sections of different nuclear reactions [1-3]. The
cross sections of elastic, inelastic and fusion reactions
between heavy ions are strongly dependent on the
nucleus—nucleus interaction potential [1-3].

The ion-ion interaction potential related to th
Coulomb repulsion force and the nuclear attraction
force has, as a rule, the barrier and the capture poten-
tial well near a touching point. The Coulomb part of
the ion—-ion potential is well-known. In contrast, the
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barrier height. The shape of each ion cannot apprecia-2. Semi-microscopic potential between heavy ions

bly change and the energy of relative motion cannot

be strongly transferred to another degrees of freedom  The interaction energy between spherical nuclei in

during the short reaction time. the approximation of frozen densities is determined as
The interaction energy between ions is obtained the difference between binding enery»(R) at finite

with the help of a local energy density functional. distance between ior® and binding energieg » of

The eétended Thomas—Fermi (ETF) approximation each ion at infinite distance

with 7#“ correction terms is used for the evalua-

tion of the kinetic energy density functional [9]. The V(R) = E12(R) — E1 — E2, @

Skyrme and Coulomb energy density functionals are where

employed for the calculation of the potential energy.

These energy density functionals depend on the pro- E12(R) = / g[p1p (1) + p2p (R, 1),

ton and neutron densities. These densities are ob-

tained in the microscopic Hartree—Fock—Bogoliubov pun() + poa(R, D] dr, @

approximation with the Skyrme force. Our approxi-

mation is semi-microscopic because we use the mi- £1 =/8[plp(r)f Pln(r)]dr’

croscopic density distributions and the ETF approx-

imation for the calculation of the interaction en- E2=/e[p2p(r),p2n(r)]dr. 3)

ergy of ions. Note that the binding energies of nu- ) ) )

clei evaluated in the ETF approximation with the Hereelp,(r), pn(r]is the energy density functional,

help of microscopic density distributions well agree #1.2(") @andp1,2,(r) are the proton and neutron den-

with those obtained in the fully microscopic Hartree— Sity dlst_rlbutlons in two interacting spherical nuclei,

Fock—-Bogoliubov model [8]. Therefore, our semi- respectively. _ _

microscopic method for evaluation of the interac-  1N€ energy density functional can be presented as

tion potential between various nuclei is quite accu- & Sum of the kinetia and potential parts

rate. 72

Unfortunately, the semi-microscopic approach is €[y ("), pa(1)] = %[fp(r) + 7 (N)] + (D), (4)

o6 noeds o evaluate (b microssopic Hartreb. ook "1ere 1 the nucleon mass. Expressions for proton

) I . 7, and neutror, kinetic energy density functionals,

Bogoliubov densm_es for both nuclel._ Therefor_e, W€ " \which take into accourft? correction terms are given

choose 119 spherical or near spherical nuclei along in Ref. [9]

the -stability line from 160 to 2?Po and perform '

calculations of the interaction potentials between all (r) = §(3 2)2/3 5/3

p(n) 5

possible nucleus—nucleus combinations in the semi- pm
microscopic approximation. We evaluate potential for 1 (Vp,,(,,))2 1A
any nucleus—nucleus combinations at 15 distances be- 36 Pp(n) 3 Ppn)
tween ions around the touching point. By using data- 1v
S ) ) PV [pm) + Ppm A
base for 7140 ion—ion potentials at 15 points each, 5 L) p(}) pe Ao
we find an analytical expression for the ion—ion po- 1’(”)2
tential. The potentials obtained by means of the an- 1 V fpm)
alytical expression well agree with semi-microscopic 12p”(") fram
one. 2
. . . 2 VAY \Y

In Section 2 of the Letter we briefly discuss our + m(—n; Wo 2Vppen + ’0”(1’)> ,
semi-microscopic approach for the ion—ion interaction 2 \n* 2 0!
potential. The simple expression for the nuclear poten- (%)
tial between heavy ions is presented in Section 3. The where
discussion of the results and conclusion are given in 2m (311452 toxo
Section 4. frmM =1+ —7 (716 + T)Pp(n)(f)~ 6)
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The potential energy density functional splits into SkM* parameter set of the Skyrme force [10]. The

nuclearskyrme(r) and Coulombcoui(r) parts pairing is evaluated in Lipkin—Nogami BCS approx-
imation [11]. The monopole pairing constants for pro-
V(1) = vskyrmer) + veoul(r). ) tons and neutrons are choosed in the faby,) =
The nuclear part is described by the Skyrme energy 15/(11+ Z(N)), whereZ and N are the number of
density functional [9] protons and neutrons in nuclei, respectively. The value
of the paring constant for neutrons is the same as
vskyrme(l') in [12], while the proton pairing constant slightly devi-
o 1 5 I, 2 ) ates from that evaluated in [12]. We numerically take
=3 [(1 +3%0)p° — (xo+ ?)(/’p + Pn)] gradients and Laplacians of density distributions. Note
that the semi-microscopic potentials evaluated for dif-
1 1 2 (2, 2
+ 1atap” [(1+ 2%3)p° — (x3+3) (k) + pn)] ferent sets of the Skyrme force well agree with each
1 1 1 other at distances larger than and near the touching
+ 4[t1(1+ 241) +12(1+ ZXZ)]T’) distance [8]. Some sets of the Skyrme force (for ex-
1 1y _ 1 ample, Sk3) may give essentially different results at
+ z|t2(x2+ 5 tx+—]r +7 . - .
4 2( 2 2) 1( ! 2) (Zpop + Tnon) distances less than the touching one, when the densi-
+ %[3;1(1 + %M) — 1+ %xz)] (V)2 ties of ions are strongly overlapped [8]. The difference
between semi-microscopic ion—ion potentials, evalu-
1 1 1 2 ated with different sets of the Skyrme force at small
——3tx+—+tx+—]V . - . .
16[ 1( ! 2) 2( 2 2) (Vi) distances between ions, is related to different values of
) Wg 2m [ p, ) incompressibility for these sets. We choose Skba-
+(Vpp)™ — 2 7 [f_ (@Vpp+Von) rameter set of the Skyrme force [10] because the corre-
P sponding incompressibility is close to the experimen-
+ &(ZV on+V pp)Z]. tal one [9,13] and this_ paramet_er set is successfully
Jn applied to the description of various nuclear structure
(8) phenomena.

Here and in Egs. (5), (6}, 1, f2, x0, X1, x2, @ and

Wo are parameters of the Skyrme forcessz p), + o, ) ) )

T =1, 4 1,. The last term in Eq. (8) is the spin—orbit 3- Analytical expression for potential between
interaction obtained if2 approximation, see Ref. [9] heavy ions

for details.
The Coulomb energy density functional in Eq. (7) ~ We choose 119 spherical or near spherical even-
is the sum of direct and exchange terms [9] even nuclei around th$'stab|||ty line from 160
, to 212Po and perform calculations of the nuclear
e op) part of interaction potentials in the semi-microscopic
veoul(r) = — pp(r) dr C ;
2 Ir —r’| approximation between all possible nucleus—nucleus
3,2 /3\1/3 43 combinations. Therefore, we evaluate 7140 ion—ion
- <_> (op()™~. 9 potentials at 15 distances around the touching point.

By using this database we find expression for the

Thus, if we know the proton and neutron density nuclear part of ion—ion interaction potential in the
distributions in both nuclei, as well as the gradients form
and the Laplacians of these distributions, we can
calculate the interaction potential between ions by V(R)=—1.98984%f(R — R12 — 2.65)
means of the ETF approximation. The nuclear part x [1+O.003525139A1/A2+A2/A1)3/2
of interaction potential is evaluated by neglecting the
Coulomb intergction between ions at %{nitegdistangces. ~ 0411326311 + )], (10)

We evaluate the proton and neutron densities in the where R is the distance between mass centers of
microscopic Hartree—Fock—Bogoliubov model with colliding nuclei, C = R1R2/R12, R; is the effective
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nuclear radiusR12 = R1 + R2, Table 1
Dependence of rms erré(Dy) (13) on distanceD; (11) between
R} .
f(s)= {1 - s2|:0.05410106? exp(—7> ions
1.760580 p 1 2 3 2 5
0.53954201; + 1) ex s 5(Dy), MeV  2.15 1.63 1.01 0.90 0.80
' 12 2.424408 k 6 7 8 9 10
—s s(Dy), MeV  0.64 0.58 0.43 0.27 0.18
x exp(mg), fors >0, 1) k 11 12 13 14 15

8(Dy), MeV 0.10 0.060 0.041 0.028 0.020

s 2 3
fs)=1 0.7881663+ 1.229218“ — 0.223427%
—0.1038769% large distances, where the potential is rather small,
_ C(0.18449352—|-0.075701013) we use the wei‘ght—l/ V;*’"(Dk)_ in (16). (Please,
remember thaV;—" (D) is negative.)
+ (I1 + 5)(0.04470645% + 0.03346876°), The root mean square error (rms error)

for — 5.65<s <0, (12) 7140

1/2
A; is the number of nucleon in nucleugi = 1, 2), 8(Dy) = (mZ(Vn(Dk) - V,f_’”(Dk))2> 17)

I; = (N; — Z;)/A;, Z; andN; are numbers of protons

and neutrons in nucleusThe effective nuclear radius  is presented in Table 1. The barrier formed by Coulomb
is given by and nuclear interactions between ions takes place, as a
rule, at distances betwedpy and D13. So, by using

the analytical expression for the potential we may es-

n=

R; = Riy(1—3.413817 R )

+ 1.284589(1,- —0.4A4A;/(A; + 200)), (13) timate the barrier with rms error smaller then 0.3 MeV,

L . . see Table 1.
where the proton radius is determined as in [14] The main goal of this study is to present a sim-
Rip = 1'24Ai1/3(1 +1.646/A; — 0.1911)). (14) ple expression for the nuclear interaction potential be-

. ] o tween ions at distances around the touching point,
The last term in (13) takes into account deviation ofthe yhich is suitable for determination of the barrier and

nuclear r_adiusfrom the_proton radius Whe_r! the neutron he shape of potential well (pocket). The rms error is

number in nucleus deviates from tfestability value  gma| for such distances, see Table 1. Note that the
for given A. The line of g-stability is described by s error is relatively large (compared to the poten-

Green's approximatioh = (N — Z)/A = 0.4A/(A + tial value) for a large distances between ions likg;,

200 [15]. o but the nuclear part of ion—ion potential is rather small
Each nucleus—nucleus potential is evaluated at the 5, gich distances.

15 distances between ions, which are determinated as

Dy =R R 0.5(k —7)fm, where ) ) .
k 1p + Rap +0.5( ) 4. Discussion and conclusion

k=1,23,...,15 (15)
The parameters and the form of Egs. (10)-(13) are  AS, an example, in Fig. 1 we compare the nuclear
found by the minimization of part of the ion—ion potential near touching point ob-
tained in our approach with other potentials available
[ (Va(Dy) — VS™™(Dy))? in Refs. [1,4—7] for all different nucleus—nucleus com-
Z:l kzl V(D) ; (16) binations oft®0, °°Zr and2%8pb,.
n= =

Semi-microscopic potentials are well fitted by our
where V=" (Dy) is the potential evaluated in the analytical expression, see Fig. 1. However, for some
semi-microscopic approximation and,(Dy) is the cases the agreement at small distances is worse then
potential described by the analytical approximation. at the larger ones. This tendency also reveals itself
For a more accurate description of the potential at in Table 1. In Fig. 1 we see that Krappe—Nix—Sierk
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Fig. 1. The nuclear part of the ion—ion potential for reactidf® + 180, 160+ 99zr, 1604 208pp, 907y 4 907y, 90z 4 208pp and
208pp1 208pp_ The potential obtained in direct semi-microscopic calculations is marked by dots, the potential obtained by using analytical
expressions (10)—(14) is shown by the solid line. The touching point distance of twoldehss(marked by the vertical dotted line on each

figure.

[5] potential is the closest to that in our approach. ical expression for proximity-2000 potential given

Unfortunately, this potential is introduced only up in[6].

to the touching distance of ions [5]. The proximity- In Fig. 1 we see that the proximity-1977 poten-

2000 potential was also originally derived up to the tial [4] is the most attractive at large distances. The
touching distance [6], but in the Fig. 1 we slightly Bass-1974 (Eqgs. (7.37)—(7.39) in Ref. [1]) poten-
extrapolate it to smaller distances by using analyt- tial is the weakest potential at large distances for
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Fig. 2. The difference between the “empirical fusion barrier” and the barrier evaluated with expressions (10)—(14).

two point-like ions results in considerably less of ac-
curacy in such cases.)

The “empirical fusion barrierBemp between heavy
ions is extracted by means of a special analysis of the
and our analytical potentials have different mutual experimental data for subbarrier fusion reactions in
positions for different systems in Fig. 1. For exam- Ref. [19]. The difference between “empirical fusion
ple, we see that Bass-1980 potential is close to semi- barrier” and barrier evaluated by using expressions
microscopic potential for light systems, while the (10)—(14) Bineor is presented in Fig. 2. The barriers
Bass-1980 potential becomes more attractive than the Bineor Well agree with “empirical fusion barriers”,
semi-microscopic one for heavier systems. Proximity- see Fig. 2. Note that “empirical fusion barrier” is
1977 [4], proximity-2000 [6], Bass-1980 [1] and determined with the accuraby-2% for Z1Z» < 800
Winther [7] potentials are overattractive for very heavy and+3-8% forZ;Z, 2 800 [19].
colliding systems. Due to this, the barriers evalu- The distribution of deviation®Bemp—Btheor IS al-
ated with these potentials are too low as compared most symmetric with respect to the lifmp—Btheor
to our predictions. The knowledge of the interac- = 0, see Fig. 2. This also suggests the reliability of
tion barrier is very important for the correct under-
standing of the superheavy element production mech-
anism [6'8'16'17] and subbarrier fusion of medium- 1 The accuracy of the “empirical fusion barrier” is worse then
weight nuclei [18]. (Note that exact calculation of the that given in [19], because the model used for description of
Coulomb interaction energy between very heavy nu- experimental fusion cross section in Ref. [19] is oversimplified. It is
clei is necessary for the accurate evaluation of the in- well-known that the coupling to both low-energy surface vibrations.
teraction potential around touching points because the and nucleon transfer between ions strongly enhances the subbarrier

Coul b | din th . . f fusion cross section [16-18,20]. These effects are not considered in
oulomb energy evaluated In the approximation o the “empirical fusion barrier” evaluation in Ref. [19].

medium and heavy systems. Due to differdntand

Z-dependencies, the proximity-1977 [4], proximity-
2000 [6], Krappe—Nix—Sierk [5], Bass-1974 [1], Bass-
1980 (Egs. (7.50), (7.51) in Ref. [1]), Winther [7]
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