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Charge density influence on cold fusion barriers
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Cold fusion barriers are studied with respect to the change of the charge density within the overlapping
region. Charge evolution from separated target and projectile up to the compound nucleus is taken into account
by means of a deduced transition formula which depends on geometric parameter variation defining the shape.
Macroscopic, shell correction and total deformation energy for fusionlike configurations are calculated for
different charge density paths. Minimization along this coordinate produces variations of about 4 MeV for light
nuclei and up to 8 MeV for superheavy synthesis, for the deformation energy in the last part of the process.
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I. INTRODUCTION reactiong7]. This observation is related to the present work.

Fusi i i o def i Our calculations emphasize the role of the overlapping part
usion  cross  sections are sensitive 1o - delormatiohy, yq fysjon process as it is influenced by the change in the
changes, especially for energies near the Coulomb barri

X X €harge density of the projectile. The phenomenon induces the

1_'he way geomgtrlc parameters influence the total deformasyme effect as minimizing,Z, for isobaric systems in a
tion energy during the fusion process has been largely Stucb'artially superposed configuration.
ied [1,2]. How much charge variation is responsible for the i is"the influence of the charge density changes on the
energy change and what is the mechanism through which itstrycture connected to the shape evolution that is treated in
influence is exercised, is the main issue this work addresseghis work. We will show that, in the last part of the fusion

For intermediate energy heavy-ion collisions, the isotopicprocess, the system acts like a different isobaric reaction. The
composition of the emitted intermediate mass fragments, afituation is not decided for interacting nuclei fusing to form
certain energies, depends on the isospin equilibration of the compound nucleus, even if the system overcomes the en-
composite system and on thEZ of the target and projectile trance channel into the fusion barrier. This work studies a
as well as on th&l/Z of the compound nucleys]. Changes new degree of freedom for fusion reactions, the charge den-
of the charge density in the superposed target and projectilsity of the projectile(and consequently the targetithin the
configuration are equivalent t@ (target and projectile  overlapping configuration. It is demonstrated that changes in
changes within isobaric systems. Isobaric systems have beg¢me magnitude of the volume and in shape of the nonover-
treated for intermediate nuclei reactions, where the fusiomtapped part induce charge density modifications, which influ-
probability for 82Se+8a reaction was found very close to ence the macroscopic and shell correction energies, and ac-
that of “°Ar+18%f, but different from'24Sn+%Zr, for ener-  cordingly the whole shape of the fusion barrier. In Sec. Il the
gies below the Bass barri¢d]. It is suggested that single- charge density variation is deduced in connection with geo-
particle levels for the two-center system maintain a gap up tenetric parameter changes. Section Il briefly presents a very
a short distance between centers, then the situation changagpropriate deformed two-center shell model, in order to de-
and friction is considered to be the cause. We will try toscribe the transition from two separated level sche(reaget
present charge density as a parameter responsible for strusad projectil¢ to the compound nucleus one, within the
ture variations near the end of the fusion process. In anothesverlapping region. A short Sec. IV reminds the main fea-
approach the hypothesis of unchanged charge density is preires of the macroscopic energy calculation and the suitable
ferred for another dinuclear process, nuclear fis§inThe  expression for two interacting overlapped systems. The re-
evaporated neutron number is increased to preserve this cosults of fusion barrier calculation as functions of configura-
straint. Charge symmetry and asymmetry are demonstrateibn parameters which influence the charge density are dis-
to differentiate between isobaric systems in R6f. At low  cussed in Sec. V, followed by Conclusions.
energies, it is shown that the dependence on charge asymme-
try could decide between fusion and deep-inelastic processes.
Stiffness analysis concludes that a proton skin is developed

in the overlapping region. Differences between coupled The ysual procedure to deal with different orientations of
channels and orientation average calculation of the cross sef;e target nucleus is to average the fusion cross section over
tion increase with the charg_e product of _the projeqtile ar_1dan possible anglegl]. However, it is stressed, for example,
target, for the same synthesized nucleus in subbarrier fusio Ref. [8], that the barrier height for subbarrier fusion reac-
tions increases with the collision angle for prolate deformed
nuclei. Here, the value of the angle between the symmetry
*Horia Hulubei, National Institute for Nuclear Physics and Engi- axis (axe§ and collision axis#=0° corresponds to tip to tip
neering, P. O. Box MG-6, Ro-76900 Bucharest, Romania, Emaikollision and produces the lowest Coulomb barrier height
address: rgherg@ifin.nipne.ro (the studied reaction wa€Ge+5Nd). The effective poten-

IIl. CHARGE DENSITY VARIATION
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(é) _4 (4)
Alx i A1,

whereZ; andA; are the initial values of the target nucleus.
A variation law fulfilling these conditions is

Zy 1 A A Zo+ A Zy 5
Ay Ao—A; (A~ 1)A—O (Ag- 1x)xl (5

or

A Z z
FIG. 1. Typical fusionlike shape of ellipsoidally deformed target Zi(Agy) = %’;\{(Alx - Al)—0 +(Ag— AlX)A—l} . (6)
and projectile in the overlapping region. Ao—Ay Ao 1

o ) ) . For A=Ay we haveZ;,=Z, and for A;,=A; resultsZ;,

tial is also shown to increase for a change in angular orien=z, \we emphasize tha,,, Z;,, As, andZ,, are not the
tation of the ellipsoidally deformed target, when the collisionea| mass and atomic numbers, but the ones which corre-
angle increase from 0° to 90° iU +160 reactior(9]. Itis  spond to whole non-intersected nuclei having the same
also emphasized that, as far as geometrical effects are cogamiaxes as the real intersected ones. The geometrical link
cerned, when the deformed nucleus symmetry axis is rotate@) gctual dimensions is made through Eg). Similarly,

as to be perpendicular to the collision axis, the Coulomixoy the light nucleus part of the overlapping configuration
barrier height increasg40]. These considerations lead us to e have:

consider only the tip to tip configuration as being energeti-

cally the most favored one. Any deviatidi>0°) produces Ay Z Z,

an increase in the potential barrier. One has to mention, how-  Zax(A2) = Ao A (Azx—Az)A—O *(Po=Ad | (D)
ever, that this is true only for prolate type shapes. gar0° 2 2
deformations(oblate shapgs the barrier becomes higher where A, =a,b3/r3. Obviously, one should mention that
when the symmetry axis coincides with the collision oneA;,+A, #A, and Z;,+Z,,#Zy, in fact, A=A, Ay

[11]. Therefore a typical nuclear configuration for fusion =A, andZ,,=Z;;, Z,,=Z,;, whereA,;, Z;; andA,;, Z,; are
phenomena is described by two intersected ellipsoids witlthe real intermediary masses and charges. As the overlap-
(ay,by) and(ap,b,) semiaxes, separated by a plamre; as in  ping region increasegthe R distance becomes smaller
Fig. 1. The two volumes are defined by the shape parametersoth target and projectile shapes approach the final com-
We will refer further on only to the left side of the shape pound nucleus deformatiofby,ay). In this way, at the
corresponding to the heavy fragmeng,Z,), the demonstra- final step we have

tion for the light fragment being similar. The left side volume

(z<zJ) of this intermediary shape is oA = mayhi — maghf = oAy,
2 z 2 3A = oo b2 b2 = 3 g
Vism sa- o5t b2. (1) roAox = Tl — magh = roAy. (8)
1

Then the two hypothetical atomic numbers, and Z,,
The whole ellipsoid volume for théa;,b;) shape param- become

eters is
Vo= o s 4 = Ay Z(An= A0 = 2 (Ag =AY = 7,
10= 3711 = 37RY = 370Aw, (2 b Ag—Ay Va7
where Ry, is the radius of the sphere having the same
volume andAq, i§ thg corresponding mass nur_nber. We Z, (Agy = Ag) = Ao (Ao—Az)é=ZO. 9)
consider the ellipsoidal shap@,,b;,z) as having the e Ag— A, Ag

atomic properties as it were a whole nucleisy,Z;y); ) )
that means the charge density of the shape is determindd/om these equations results, at the end of the fusion pro-
by its geometric correspondence t4y,,Z;,); thusZ;, is  C€SS,
the atomic number if the heavy fragment is a complete
ellipsoid with (a;,b;) semiaxes. Variation of;,/A;, must (é) = (@) = % (10)
f f

also comply to Ay Ay Ay
<le) Zo The corresponding proton densities are
~— | =% (3
Alx f AO _ le _ le
whereZ, and A, are the final values corresponding to the x —Wa b2
compound nucleus and 3
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54 238 292
, 2:@: Zoy | (11) Cr+ U—-""116
P V2x Amr 2
— b2 120 | b,=Ro(*110)
_ ==== b,=0.9 -Ry(*°116)
100 15 | T D08 Reate)
where Vi, =(4/3)aib] and Vy,=(4m/3)azbs are the vol- : e

umes of the ellipsoids corresponding to separate nuclei
(A1y,Zy) and(Ayy,Z,,). But the real intermediary volumes
areV; andV,, with the same proton densities ¥, and

V,,, respectively. Hence the real intermediary atomic
numbersZ;; and Z,; of the fusion shapes are

le le
Zyj=5-Vi= V= pplvlv
le 477 b2
—a
3 1M1
Z, Z,
Zy=y Vo= g Vo= V2. (12)
2 ™ b2
—a
3 2M2 /
. 2 ) O ‘ 1 1 1 1
The squared charge densities a§e=ppi1.44. Theanalysis 0.0 0.2 04 0.6 08 1.0
refers to adiabatic cold fusion process. Every step within 0.08 ——1— b1
the overlapping region towards the complete fusion is bﬁ;o.%.reog:%ue)
slow enough to allow nucleon rearrangement. Therefore fgigﬂ(‘sﬁgﬁ) 116)
. . 2—120
the total volume is conserved. Since the number of nucle-

ons remains the same, the total nucleon density is consid-
ered constant. With the simplifying hypothesis of constant
mass density, we have for the intermediary mass numbers
A;; and Ay and neutron numbend;; and Ny;:

0.06 o | | | |
A B 0.0 0.2 04 0.6 0.8 1.0

Pa= gy N A= 2 (R-R)/(RcRy)

3 FIG. 2. Intermediary hypothetic atomic numlti&y, (upper ploj,

real intermediary atomic numbé&s; (middle ploy, and charge den-

V. ity variation of the target nucleus in the synthesig6116.
Ay = 2 Ny = Ay — Zss. (13) sity variati get nucleus i synthesi

4 4

3 "o The lower plot represents the proton density variation. The

larger the volume, the lower the charge density, as can be

For the same fusion reaction, an ellipsoidal projectile canygepy. The highest proton density corresponds bto
change its shape parametéss,b,) in different ways along =h,(2%2116), when the nonoverlapped part of the projectile
the overlapping region: it can preserve its initigh semiaxis  emains almost at its initial shape.
or b, can become larger up to the limit whebg=b,, the
semiaxis of the compound nucleus. Between these two lim-

its, b, can take any value, provided that the voluMedoes Il. SINGLE-PARTICLE ENERGY LEVELS
not become larger then its initial value. Consequently, the ) . ) ) ) )
corresponding intermediary atomic numb&y changes ac- The microscopic potential which follows the equipotenti-

cording to the above considerations. In Fig. 2, upper part, thality on the nuclear surface is generated by the ellipsoidally
variation ofZ,, with the normalized distance between centersdeformed two-center oscillators:
R,=(R-Ry)/(R—Ry) is presented, wher& and R, are the
final and the tangent configuration distances between centers. _ Ll 2 2,1 2 2
Different curves correspond to different laws of variation for VO(p, 2) = Vi(p, 2)= 2Mow), p=+ 2m°“’21(2+21) L
the small semiaxis ofA,,Z,;). The plots refer to a super- Volp, 2= 3Mpw’ p° + 5Mows (- 2)%, v,
heavy nucleus synthesi§‘Cr+23%J—2°2116. The middle

; . : e (14)
plot refers to the real intermediary atomic number variation
Z, with R,. Variations in the last part of the fusion process
(R,=<0.4) are due to volume differences. The smallest valuevherev,; anduv, are the space regions where the two po-
for the V, volume is forb,=b,,(?°2116) at the sameR,, the  tentials are acting. These Hilbert space regions are defined
situation where the projectile preserves its initial semiaxesby
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Vi(p, 2) = Vau(p, 2). (15) Strength parameterg;(p,z) depend on the mass region
and each of these regions corresponds{@nd v, space

The shape and the volume of and v, depend on the domains. For the same regionwe have a different; for
overlapping grade andA;,Z,) target and(A;,Z,) projec-  protons and neutrons. As;, v, are determined by;(p,2)
tile. Any Change in the oscillator frequenCies is Converte(ﬁvz(p,z)’ when frequencieé_e. e|||pso|d Semiaxes/ary, SO
to a change in; andv,. The four frequencies define the qo the matrix elements dbs, in direct correspondence with
shape; when using the volume conservatighf=R’ and  charge density variation. The result is characterized by dif-
ha=41A7"3, whereR=roAl”, one obtains the shape de- ferent proton and neutron level schemes for various charge

pendence of the frequencies density paths. Detailed matrix elements and level scheme
5 o3 2 213 5 calculation are described in R¢1.3]. The final energy levels
mO“’pi'(ai/bi) Mow;=(a/0) ™ 54.5K7, of the synthesized system depend on the two perpendicular

frequencies corresponding to the fused nucleys.and w..
”bwfi:(bi/ai)4/3mow§i:(bi/ai)4/3 54.5,R1-2 (16) At this point it is worth mentionin.g that, along the fusionlike
o ) ) ~shape sequences, the two crossing level schemes of the target
with i=1,2. Inthis way the two-center oscillator potential and projectileconvergetoward the compound nucleus level
for fusionlike shapes follows the changes of the two ellip-scheme. This is possible only if the two partner frequencies
soidal partner deformations. The influence of the charngplywﬂ;wpzywzz) approach(w,, ). The final level ener-

density on the potential manifests through EGsl) and  gies will depend onw,g,w, through the oscillator and spin-
(16). In such a way the variation of the charge density isgrpjt potential:

expressed by the variation of the four frequencies via the
ellipsoid semiaxes. Vi(p, 2) = tmgwip? + mywi 2, (20)
Besides the overlapped deformed oscillator energies,
charge density acts on the angular momentum dependent in- 0 {
SO

teractions. In order to assure hermicity of the matrighse
to the fact that strength parameters have specific values vary-
ing with the mass numbgrthe anticommutator is used to (21)
obtain the spin orbit and thié term [12]:

Mywg

KO(P- Z), [VV(Or)(wpov W50, Py Z) X p]s}

and similarly forV,2. Hence the frequency dependent po-
tentials, as a consequence of E(&0), (21), and(19), or

- k1(p,2), (VVO X p)st  (vq region with respect to the convergence of the energy levels, must
Vo = @o1 follow a cycle like
so™—
™ oy 2P 2), (VWO X p)s¢ (v, region, VO =V (0,1, 0150, 02) = V5 (@050, 0),
02
(17)

Vso= Vso(wpla Wz1; Wp2, wp) — Vé%)(pr! z0) (22)

and similarly for theVz term. It is important to observe and the same fov,.. By taking into account the boundary

that with the above form, the spin-orbit potential becomes, J_ itions for w , as a result of Eq(22), two free

(r) Pl . . .
shape dependent through tR&/" term. parameters are likely to be modified: one is the semiaxis

The spin-orbit operator is calculated as usual using creb2 and the other is the ratip,=b,/a,. Besides the bound-

ation and annihilation components: ary conditions, these parameters are subjected to nuclear
volume conservation. Singg andb, can take values over

—1/0te -t
(5=3(0's +0's) + O, (18) the range(xs0, xo), and(b,g,by) respectively, two laws of
where variation fulfill the above conditions:
(r) (r) R-Rs
Or=-—de ad (p,z)i_aV (p,Z)i x2(R, k)z)(o"'()(zo_)(o)m (23
ap Jz 0z ap
i aV(p,2) 9 and
p iz de| R-Rs
by(R, m) = by~ mAb — [ (by ~ MAb) — by] r_gr' (@
i
(1) ")
Q‘:e‘i¢|:av (p. Z)i_&v (p. Z)i where AR is the pace inR. At R=R; the projectile is
dp dz dz. dp completely embedded in the target.is the number of
©ay(n) steps inR. In this work AR=0.1 fm. The maximum value
i oV (p,2) 9 f
P of k, which is ks, varies fromk{’ AR=R; to k. AR=R..
P ¢ When kp.=k" . x, starts to modify towardy, starting
P from the first step of overlapping, after the tangency. For
0.=-— '_‘9V 9 (19) Kmax= kg)ax the projectile preserves its initial semiaxis ratio
 opdp de all along the overlapping region; this is the situation when
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the charge density of the nonoverlapped part of the pro- IV. MACROSCOPIC ENERGY
jectile does not change during the fusion process. Finally,
for R=R; we haveys= xo.

A similar analysis is available for thk, variation. The
target deformation path is subjected to two similar equation

The macroscopic enerdsiacro iS computed as the sum of
the Coulomb Ec [15] and the nuclear Yukawa-plus-
gxpoenential ternky [16]. The Coulomb term reads

for xy, andb; as Eqs.(23) and (24). However, our calcula- Zmax Zmax
tions work only withy; as variable for the target, sinte is c= —pe dzf dZFc(z, Z) (26)
no more independent, due to total volume conservation. Con- Zmin Zmin

sequently, anothey; equation is functional with the sanke
so thatb, (thusa,) is calculated from volume conservation.
However, it is worth mentioning that a more complete analy- K(k) - 2D(Kk) 5 )
sis would comprise differerkt values for target and projec-  Fc(z.2) = P(Z)P(Z')T X | 2[p“(2) + p(2')
tile. Various maximal and minimal values férfor the two

here

partners produce a large possible range of deformation paths. 5 dp(Z) dp?(2)
A minimization procedure is compulsory to obtain the opti- ~(2-2)1+14z-2) dz  dz
mal pair ofk’s for a given reaction. However, this work uses o o,
the samek value for the target and projectile in order to + K(k){p (2)p"(2)
emphasize the impact of this parameter on charge density 3
variation. dp2(2)
Due to the volume conservation limitatiofthe nonover- [ 2(2)-0.5z-27 p_}
lapped volume ofA,,Z,) cannot exceed its initial valiethe dz

maximum value ofm is determined for every reaction chan- dp?(2)
nel. The finalb, value is reached wheR=R;, whereas the x[pz(z’) + 0.5(2—2’)—}

initial one (touching poin} stays forR=R:: dz
1
X - ; : (27
by(Re, M) = bg {lp@+p(@)P+(z-2)"
where
b2 (Ry, M) = by = by — mAb, (25 k%= 4p(,2)p2(z ) 5
[p(2) +p(2)]°+ (2= 2Z')
whereAb is the variation pace for thb, semiaxis. Equa- K(K) = K'(K)
tions (23) and(24) together with Eqs(11) and(16) define D(k) = — e (28)
the geometrical correspondence between charge density
and nuclear shape changes. and p(2) is the surface equation. k=2’ we have
Variations of Z;,/ A, and Z,,/A,, depend on(a;,b;) and
(ay,b,), respectively, through Eq2) for the target and a L 4p%(2)
similar equation for the projectile. Equatiof® and(7) are F(z.z')= 3 (29)
their laws of variation as functions of the intermediary hy- . .
potheticalA;, andA,,. But A;, andA,, are determined them- For our two intersected nuclei system shape, the Coulomb

selves bya,,b; anday,,b,, respectively, through Eq8), i.e., ~ energy can be written d47]

A=A (ag,b) =Ap(x1,by) andAy,=As(x2,b). The indepen- o

dent quantities during the overlapping processyarey, and 292 2

b, andb,; their variations are described by E¢@3) and(24) Fe=3 (PerFes + PeoFez * ZpaapecFerd), (30

for the projectile and similarly to Eq23) for the y; target.

The values of the parameteéksandm in these equations are

obtained by minimization of the total deformation energy. 7 7
I:Cl - f

where

Any different value ofy; or x, andb; andb, yields a differ- dz dz’Fl(z, z'), (32
entAy, and Ay, or different(w, ,w,) and(w,,, w,) as well.
The level scheme sequence of the oveﬁappmg configura-

tions through the fusion path is used as input for the calcu- Reay Rtay

lation of the shell correction enerds,o; Strutinsky method Fcz—f de dZ'Fy(z, Z) (32
[14] is used separately for protons and neutrons, as corre- % %

sponding to different nucleon numbers and different spin- o

orbit strength parametens, cf. Eq.(12). Mass number de- N T ,

pendentx, and «, for protons and neutrons, respectively, act Fei dz dzFi(z 7) (33

on Z, and N,. As a result,Eg is calculated as charge s

density dependent. The integrands read
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3

D + {2[;;?(2) +p3(Z)

dpd(z) _dpf(2) )]

K
Fi(zz)= {Pi(Z)Pi(Z’)

—(z—z’)2]+1.5(z—z’)< o7 =

2 2051 2
+ K{ pons’ (Z)gi @), [piz(z) -0.5z~ z’)—dp(;iz)}

20,1
X{p?(Z’HO.E(z—Z’)dpc;—i,z)”}

1

@+ @ Fr @ 2" 39
and K=K(k);, K'=K’(k;) with i=1,2, and
2 4pi(2)pi(Z') (35)

' @+ pi(@) P+ (z-2)
The interaction term reads

K(kip) — 2D(kyp)

Fiz,7) = {Pl(Z)Pz(Z') 3

X [2[/35(2) +p5(z') - (z-2)%]+15z-7)

y ( d3(z) _ dpi(2 )] Ko { PEDe32)

dz dz 3
dpi(2)
dz

201
X {pg(z’) +0.5z- z’)dfzjz—i,z)} }}

+ [pi(Z) -0.52z-2)

1
" T + 0l Pt 2= 237

(36)
with
2 _ 4p1(2)py(Z')
2 [pa(@) + pa(2) P+ (2= 2)
For the sphere the Coulomb energy is
3z%°
O BrAT

(37)

(38)

The Yukawa-plus-exponential ener@y, is [17]

1
Ey= 47Tr2[CSlFEY1 + CoFevz + 2(CaCe)Fevial, (39)
0

where[16]

e % D)@
FEYl:f f f FyiFv:QWdgdzdZ,  (40)
0 —a; J-ag

PHYSICAL REVIEW @8, 044314(2003

27 Zg R+ay
Feyin= f f f FUIF12QM2dpdzdZ. (42)
0 -8y Yz

The terms in the integrand are

| L
Fi1 = 07(2) = pi(D)pi(z)cos g~ 0.5z~ Z')- pc;iZ)‘,
Vo=p dpf(2)

Fis=p(2) - pi@pi2)cos &+ 0.52=2)= 7,

. -\ 2 i 1
=2 _— gi +25 -2 |gila_
Q {(a) a 0'-4’

o1=[p{(2 + pl(Z) = 2pi(2)pi(Z )cOs P + (2= 222
(43

with i=1,2 and thanteraction term

dpi(2)
dz ’

FU12 = 2(7) - py(2)py(2)cOS - 0.5z~ 2)

dp5(2))
dz ’

FU2 = p2(Z) - po(2)pa(Z')cos ¢+ 0.5z~ Z')

2
1
@=o- 0_12> 4272 |goa

012
012=[p3(2) + pX(Z') - 2p1(2)pa(Z)cOS P + (z— 2 )1]H2,
(44)

For the sphere

2
-3 (24
2
X [2 + 3% + 3(%) }e‘ZRO’a} EQ, (45
where

EQ = A5, (46)

For the intermediate surface coefficiertg andcg;, with
the general expression

Csji:as(l_Kljzi , (47)
we use Ay, Z;; from Egs. (9) and (10), with 1;=(N;j
_ZJI)/AJI Wherej:1,2.

The total macroscopic deformation energy is

Emacro: (EC - E(CO)) + (EY - E@)- (48)

V. RESULTS AND DISCUSSION

First results are presented for the light nuclei fusion reac-

27 (R+a, [Rtay >
Fey, = f f f F2F2QPdgpdzdZ, (41)
0o Jz Z e tion 3Ar+56Fe— 192Ru. All the curves are drawn after mini-
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36 66 102 36 66 102
Ar+ "Fe —""Ru Ar+ "Fe - "Ru
20 ——— ‘
..... R2=b0(102Ru Rzzbu(lozR&'&
-—- R,=0.9 -bo(iozRu) === R,=0.9 by( *Ru)
10 — R;=0.8 by("*Ru) 3l — Rp=0.8 :ho(" "Ru)
- Ry=Ry(TAr) — © Ra=Ryo(TAr)
>
2.
= -
<=
214
o
0 v
S Rebol " RY) o R RY,
A S 1 30t R,=0.9 -by(*"°Ru)
60 f S o T Re0R Ry
e R2=R20(3 Ar) 2=Rool
<)
> 20
()
=
=
uf 10t
0
o 00 05 10 15 20 25
=D u
--= R,70.9 -boﬁngu) (R-R)/(R¢-Ry)
— R,=0.8 by(*"’Ru)
—_ - Rp=Ryo(*°A) . . .
> FIG. 4. Shell correctiolg,g, (upper ploj, and fusion barrieE,
% variation within the same four configuration paths as in Fig. 3, in
10 i
< “Ru synthesis.
3
£
i dius equal to the small semiaxis $%Ru. The characteristics
of these laws have been explained in Fig. 2. Figure 3 shows
these four cases of shape sequences for macroscopic ener-

0 : : : : gies. Since for separated nuclei the energies do not differ,

00 02 04 06 08 1.0 calculations are presented only for the overlapping region,
(R-R)/(Ri-Ry) i.e., for normalized distancB,=(R-R;)/(R—R;)<1. Differ-

ences are more significant in the last part of the fusion pro-

FIG. 3. Coulomb E; (upper ploj, nuclear Yukawa-plus- cess. Higher values & (upper plo}, Ey (middle plo, and

exponentiaEy (middle ploy, and their suni ¢, for four configu-
ration paths corresponding to four different charge density varia-
tions for 1°Ru synthesis.

mization against thg parameter. The figures show only the
variation as a function df,. 3®Ar is spherical, with the initial
radiusRyy(3®Ar)=3.3 fm, ®5Fe has an ellipsoidal deformation

of B 79=0.027 and"%Ru is deformed withg, *¥=0.189.

The projectile®®*Ar maintains its spherical shape for the four
possible paths presented in Figs. 3 and 4. This situation cor-
responds tk=1 in Eq.(23). For a differentk, hence a dif-
ferent y variation which implies ellipsoidal shape of the
same projectile, the total deformation energy takes higher
values. The macroscopic energies and Ey and their sum
Enacro have been computed with respect to the spherical C:)

shape values 0°?Ru. Calculations have been performed for

four values of them parametefsee Eq.(24)], defining four

ways the charge density passes from projectile value to the

compound nucleus one. During the overlapping process, the

36Ar radius becomegR, if the projectile preserves its spheri- FIG. 5. The corresponding sequences of shape$®f&u; each

cal shape. Th&,=by(1°Ru) curves correspond to the situa- column represents the path along each of the fusion barriers in Fig.
tion when the projectile ends the fusion process with its ra4.

30000
810000
OO0
3990

o
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24

128 152
24Mg + 128)(e —>152Dy Mg + *°Xe —"*°Dy

152,

0 by=bo(*7D
..... b,=bo(***Dy ) 7= 0209 b(, DY)
2 . — b,=0.8 :bo(**’Dy)
++ by=byo(*'Mg)

by
— ,=0.8 bo(*Dy)
++ by=by(**Mg)

0.0 0.5 1.0 1.5 2.0
(R-R)/(R¢-Ry)

FIG. 7. Shell correctiorige; (upper ploj and fusion barrieg,

] for the paths from Fig. 6, for the synthesis'6fDy.

Il
..... b,=bo("°D:
-— bj:o?g-bo()fgzoy)

T D08 oY by R,=by(1°%Ru) at the beginning of the process, then by
R,=0.8 by(1°?Ru) followed by 0.9b,(1°?Ru) curve in the last
part. The total sunE,=E,c;gt Eshen IS Shown in the lower
plot of Fig. 4. Differences of about 4 MeV are visible when
R, approaches zero, and the situations when the projectile
enlarge its dimensions as to seize synthesized nucleus size
and shape are favord®,=by(1°?Ru)]. A remarkable feature
is the appearance of minimum @-R;)/(R—R;)=0.5. Such
0 ‘ ‘ ‘ ‘ a shape isomerism has already been presumed in light nuclei
00 02 04 06 08 1.0 fusion reaction$18,19, but it is only within this work that a
(R-R)/(Rr-Ry) minimum is obtained along the deformation energy for a
certain reaction channel, for a dinuclear system. A compre-
FIG. 6. Coulomb Ec (upper ploj, nuclear Yukawa-plus- hensive geometric correspondence of the different cold fu-
exponentialEy (middle ploy, and total macroscopic ener@¥naco  sion paths can be observed in Fig. 5. The starting point of the
for four_ co_nfigura_tion paths with projectile s_emiaxis ending at thef,sion process is the touching configuration, depicted in the
values indicated in the box, for the synthesis'&Dy. lowest part of the figure. Every column is the shape sequence
total macroscopic energiaqo correspond to the situation Matching to one of the barriers from Fig. 4. First column
when 3Ar projectile preserves its initial radiusR, s_hows_the S|tuat1|(<))n when the projectile ends its total overlap-
=Ry(3Ar) until the end of the process. Intermediary situa-PiNg With Fi%zbo( Ru). Thelgext two columns are drawn for
tions are assigned by the two fing} values, 0.9(1Ry)  Re=0.9 bo(1%?Ru) and 0.80,(19?Ru), respectively, and the last

152,

N
o

Ebmacro(M eV)
5

and 0.8b,(1%2Ru). The lowest values are obtained when the®ne is the sequence fﬁ2=R20.(36Ar)-, .
projectile ends in the target witR,=by(1°%Ru). The bump in ” Thelgext collsd fusion reaction which has been analyzed is
E.nacro @t aboutR,=0.2 appears because of the higher charge M9+ 8X1e2_> Dy. Al tf;ree partners are ell_)llpsmdally de-
density of the projectile shape, especially Ry=Ry,(3°Ar)  formed (5, 8><e)=0.143,,8(2 o= 0 374, andg, Dy=0.153.

(see Fig. 2 Maximum total macroscopic energy difference In Fig. 6 macroscopic energy behavior is depicted, with the
reaches 4 MeV between largest and smallest projectile radiuSoulomb termE; in the upper plot, nuclear Yukawa-plus-
curves, or between lowest and highest charge density valuexponential ternky in the middle plot and their suB,acro

at the sameR,. Microscopic influence is depicted in Fig. 4 in the lower plot. Calculations have been performed for the
for 192Ru synthesis and the same four charge density varissame four charge density variation paths, i.e., the same varia-
tion paths.R, takes values far beyond the touching distancetions for the projectile small semiaxis. Though the shapes
(Ry,>1), in order to comprise the whole cold fusion barrier. of the macroscopic barriers are different, their behaviors
The variation ofEg¢, (Upper ploj nears 2 MeV and is more have the same characteristics. Differences are lower than in
pronounced in the last part of the fusion process,(Rs the previous case. A bump k. slightly visible for b,
-R¢)/(R—Ry) approaches zero. There is a mixed behavior of=b,y(>*Mg) disappears completely fob,=hy(**Dy). The

the four curves. The lowest values are successively reachddwest values ofE,,co COrrespond again to the situation

044314-8



CHARGE DENSITY INFLUENCE ON COLD FUSION BARRIERS PHYSICAL REVIEW 68, 044314(2003

54Cr + 238U —>292116 540 4+ 238y 292116
80 T T b,=Ry(**116
60F | by=Ro(**’116 D209 Ro(116)
ol s H B
20| S by=by'C) S4
S o s
> 20 <2
S -40 <
~5 -60 w0
W -80
-100
-120 ¢t T bZ:RU(Zgzllzg
-140 | = bos )
} L L S by=byy(*Cr)
..... = 0292
180 — Ez:g.Q(-RiégzllG)
160 | I
140
=120
S 100 \
< g0 10 ‘
W ot 0.0 0.5 1.0
40 | (R-R/(R¢-Ry)
20 & ) : .
0 ; ‘ ‘ FIG. 9. Shell correctiorige (Upper ploj and fusion barrieE,
e Ezfgogtzzl(lzg;m) for the four paths indicated in Fig. 8, in the synthesi¥116.
— be=08 R(116)
<20t “+ by=hy(*'Cr)
() roscopic components are displayed in Fig. 8 for the same
\2/ [ four b, variation laws. Despite the larger differences around
o 10 [fs R,=0.7 in E¢ (upper ploj and Ey (middle plob, the signifi-
g i cant variations in the total macroscopic enekgy.,, appear
5o at the end of the process, fOR-R;)/(R—R;)<0.4. This is
due to the fact that loweE corresponds to highdt, for the
sameb, law of variation, like it is easily visible forb,

1 SR =Ry(?%2116) curve. The lowest values fd#,,., are obtained
00 02 04 06 08 10 for b,=Ry(?92116) curve at the end of fusion. Shell effects do
(R-R)/(RrRy) not change the order. ThH=R,(?°2116) curve forEq; (Fig.
9, upper plox has not always the lowest values: at the begin-
FIG. 8. Coulomb Ec (upper ploj, nuclear Yukawa-plus- ping of the overlapping region it is th,=b,o(3“Cr) path
exponentialEy (middle ploy, and macroscopi&macro for four dif-  \yhich produces lower shell corrections. Then all four varia-
ferent transition configuration patighe final values ob, are indi-  tion curves mix. At the end, agalm=R,(2°2116) is favored.
cated in boxeg in the synthesis of the superheavy nucléti 16. This trend is transmitted to the total deformation enelgy
(Fig. 9, lower ploj. Close to the tangent point thb,
where the®*Mg projectile enlarge its dimensions so as to =hb,(°*Cr) curve displays loweE, values. It is the situation
reach the synthesized®Dy proportions [b,=by(}°Dy)  where>Cr keeps its semiaxis ratiand Iy at its initial val-
curve§. This configuration path assures the smoothest pagges. This part corresponds to the highest charge density, the
of the charge density from projectile to compound nucleudnitial charge density value of the projectilsee Fig. 2
value, but still only macroscopic terms are involved hereAround (R-Ry)/(R~R;)=0.4 the small semiaxis tends to in-
Shell corrections for the same reaction are depicted in Fig. 7crease towardRy(**?116). This volume enhancement induces
upper plot. Their values stretch from -3 MeV to 4.2 MeV. the charge density decrease down to the synthesized super-

The lowestEq, values are first reached fim=by(:>Dy) heavyp, value. Differences between curves reach 8 MeV, a
curve, but then for by=by(?Mg) followed by b, rather large value for the cold fusion total deformation en-

=0.8hy(15?Dy) values are lower. Significant differences in €9 variation.

the total deformation energl, (lower ploy appear toward All the above results demonstrate the necessity of taking
the end of the fusion processb Agdig=by(15Dy) curve has into account the charge density as a free parameter. Its influ-
. 0

the smallest energy values. The gain in lowering the to,[a]{—;-nce is directly related to geometrical characteristics of the

def i by minimizati . db.i usionlike shape, as the semiaxis rati@and the small semi-
eformation energy by minimization againgtandb, is up axish, quantities. Minimization against these two parameters

to 3.7 MeV. S . . .
Finally a superheavy synthesis reaction is analy34a produces a significant decrease in barrier height.
+238y 292116, Both target and projectile are deformed with VI. CONCLUSION
54, 23
B, €"=0.180 andg, V=0.215. The superhea’f2116 is Charge density influence on cold fusion barriers manifests

considered spherical, with radii(?°2116)=6.63 fm. Mac- itself through geometrical parameters characterizing the tar-
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get and projectile nuclei within the overlapping region. work emphasizes the importance of calculating tieole
Changes of semiaxis ratios and magnitude trigger a modififusion barrier shape. It is not only the heighthich usually
cation in proton density over the nonoverlapped volume obccurs at the very beginning of the process for light nuclei
the projectile. As a free coordinate, charge density can loweand in the middle of partially overlapping configuration for
the cold fusion deformation energy, as a result of minimiza-superheavy synthegjsbut also the last part of the barrier
tion againstb, and y,. This kind of influence is especially which influences the process. We mention that the tip to tip
active in the last part of the fusion process, when the projeceollision is only the energetically favorized situation, corre-
tile is already half embedded in the targ&,<0.5 up to  sponding to target-projectile axes angle0. A complete
total synthesis. For light and intermediate nuclei cold fusionprocedure implies separate analysis for rotation angte8.

the energy variation in the last part of the deformation patifSuch a complete calculation could enhance the value of the
reaches 4 MeV fof%Ru and 3.7 MeV fort>Dy synthesis. total cross section. Due to different target orientations,
For a possible superheavy production channel, influence afharge density follows other paths than those obtained by
charge density changes is quantitatively more important. Enminimization of deformation energy #=0.

ergy differences in the cold fusion channel barrie?$116
reach about 8 MeV in the last part of the overlapping process
as a result of energy minimization. These very large energy
deviations appear both in macroscopic and shell correction This work was partly supported by UNESCQVE-
curves. Due to the exponential dependence of the penetrabiROSTE Contract No. 875.73%;2he Centre of Excellence
ity factor on the deformation energdyia the action integral IDRANAP under Contract No. ICA1-CT-2000-70023 with
such a variation is expected to be quantitatively significantEuropean Comission, Brussels; Bundesministerium fuer Bil-
As a general trend, projectile tends to increase the volume afung und ForschungBMBF), Bonn, Gesellschaft fuer
its nonoverlapped part toward the final stage of the fusionSchwerionenforschung, Darmstadt and Ministry of Educa-
approaching the synthesized nucleus geometry. Finally thison and Research, Bucharest.
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