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Systematic failure of the Woods-Saxon nuclear potential to describe both fusion and elastic
scattering: Possible need for a new dynamical approach to fusion
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A large number of precision fusion excitation functions, at energies above the average fusion barriers, have
been fitted using the Woods-Saxon form for the nuclear potential in a barrier passing model of fusion. They
give values for the empirical diffuseness paramatesinging between 0.75 and 1.5 fm, compared with values
of about 0.65 fm which generally reproduce elastic scattering data. There is a clear tendency for the deduced
a to increase strongly with the reaction charge prodtyd,, and some evidence for the effect of nuclear
structure on the value &, particularly with regard to the degree of neutron richness of the fusing nuclei, and
possibly with regard to deformation. The measured fusion-barrier energies are always lower than those of the
bare potentials used, which is expected as a result of adiabatic coupling to high energy collective states. This
difference increases with increasiZgZ, and calculations show that about 1/3 of it may be attributed to
coupling to the isoscalar giant-quadrupole resonances in the target and projectile. Coupling to all giant reso-
nances may account for a significant part. Fluctuations about the trend line may be due to systematic errors in
the data and/or structure effects such as coupling to collective octupole states. Previously suggested reasons for
the large values od have been related to departures from the Woods-Saxon potential and to dissipative effects.
This work suggests that the apparently large values iy be an artifact of trying to describe the dynamical
fusion process by use of a static potential. Another partial explaination might reside in fusion inhibition, due
for example to deep-inelastic scattering, again a process requiring dynamical calculations.
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[. INTRODUCTION a is the diffuseness parameter. When combined with the
Coulomb potential, this results in a potential barrier referred
to as the fusion barrier. For zero angular momentum the fu-
e3jon barrier is characterized by its eneidy, radiusRg, and
curvature atRg which, in the parabolic barrier approxima-
tion, is identified withw, the oscillator frequency of the in-
verted parabolic barrier.

The shapes of the barrier distributions can usually be un-
derstood and fairly well reproduced by coupling to known

Measurements of fusion-barrier distributions, through pre
cisely determined fusion excitation functiorf$—3], have
been carried out for more than a decade. They have provid
an experimental demonstration of the expectaf#jrthat the
simple one-dimensional potential barrier for fusion effec-
tively splits into a distribution of barriers by dynamical cou-
pling to collective modes in the target and projectile nuclei.

Both simplified [5-7] and realistic[8,9] coupled channels . L !
codes have been used, often successfully, in reproducing egollective modes such as vibration, and rotation for deformed
. : uclei, and to nucleon transf¢B]. However, some aspects

perimental fusion-barrier measurements. In general, the me&* il not understood. F le it h b ol
surements are of capture cross sections rather than fusigi€ St not understood. For example, 1t has not been possibie

cross sections, since they do not distinguish between fissio?? ;imultanously_reprodt:lt:e the barrier ?istrigution and the
and quasifissiof10] or complete and incomplete fusion. In fUSion cross sections well above and below the average bar-

H 16, 20 H
this paper, the cross sections will be referred to in the usugf€’ for the O+ *Pb reactior[11]. To reproduce the above-
\rrier cross sections required=1.0 fm; however, the bar-

way as fusion cross sections. Nevertheless, these cross se

tions can be appropriately described by a barrier passin%er distribution could not be repro_duced unless a smaller
model. For such calculations it has been usual to take af/ue 0fa=0.4 fm was used. It might be expected that a

energy independent Woods-Saxon form for the real nuclea£action involving two very well studied double closed-shell
potential, nuclei would be one of the easiest to reproduce with a

coupled channels calculation. However, the reverse is the
Vn(r) == V{1 +exg (r —roAY3-rAl®/all, (1)  case, this being one of the most poorly reproduced reactions

o of those studied so far. Notwithstanding t® +2°%Pb case,
whereA, andA, are the mass numbers of the projectile andgsoq descriptions of both cross sections and barrier distribu-

target nucleiV, is the depthy, is the radius parameter, and tjons can be made, with identical valuesapffor many other
reactions. However, to obtain such good results a diffuseness

a=1 fm or higher is often required.

*Permanent address: Omsk State Transport University, pr. Marksa In contrast to the fusion results, elastic scattering cross
35, Omsk RU-644046, Russia. sections can generally be well reproduced by a Woods-Saxon
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nuclear potential witha=0.65 fm, ro=1.18 fm, andV, 1000
~65 MeV [12,13. The parameters of these potentials were 900 |
obtained from a least-squares fit to experimental data while 000 | 165 4 154y
requiring that the maximum forcé&V/y(r)/dr corresponds to L

that given by the proximity potentidll4]. Elastic scattering
and fusion differ in that they explore different regions of the )
nuclear potential, the former involving much larger separa- Tg 500
tion distances than the latter. One possible reason for the "
differences ina might be that the nuclear potential departs

IR A T A

from the Woods-SaxofWsS) form at closer distances. 300 | -
The nuclear potential can in principle be calculated with 200 ]
the double-folding model, which might be thought to be .
more realistic than the phenomenological Woods-Saxon po- 0o r ]
tential. For the case 0O +2%%b, it was showr{15] that, (—— e
near the barrier radius, this potential roughly follows the % ® E (m?, »

C.m.

Woods-Saxon potential which fits the elastic data and thus

cannot reproduce the fusion excitation function. Therefore FIG. 1. The effect of coupling on fusion cross sections. Calcu-
use of the double-folding model does not resolve the probtations with the realistic coupled channels catteruLL, using the
lem of *°0+%°%Pb. A recent calculatior{16] of double-  same potential parameters derived from fitting the above-barrier
folding potentials, using density-dependent M3Y parametridata, are shown for th€0 +5Sm reaction. The dashed line is for
zations based on the Paris and Reid nucleon-nucleofo coupling and the full line for coupling to rotational states in the
interactions, has also reached similar conclusions for a varktrongly deformed®Sm nucleus. There is little difference between
ety of systems. Furthermore, it was shown that the calculateghe slopes of the two curves fary,s above about 200 mb, but a
fusion-barrier heights are smaller than those experimentallyhajor difference in the barrier region. Here only the coupled chan-
observed, contrary to what would be expected for a bar@els calculation gives a reasonable fit to the data, shown by the
potential(see Sec. lll A. The double-folding model may not filled circles[2].

be appropriate for fusion as it is based on the frozen density

approximation, in which it is assumed that the reaction take%xpected to depend principally on the nuclear potential.

place much faster than the dynamical density evolution, i.e X . .
that the densities of the target and projectile nuclei remair']l'herefore it would be interesting to see whether the same

unchanged at all distances. This must be invalid at shoggue ofa is required to f't. both the low and high energy
distances where the overlap density exceeds the saturatidiqid- However, cross sections below the lowest barrier are
densitypo, and the validity may also be questioned at sepaYery _small and_dlfflt_:ult to_ measure. At p_resent there are in-
rations corresponding to the fusion-barrier radius, where thgufficient data in this region to include in a systematic sur-
overlap density is=0.2%5. vey. In a recent publication on the reactiiNi+ %Y, Jiang
Another possible explanation of the large apparent difet al. [18,19 have suggested that, at bombarding energies
fuseness might result from the effect of energy dissipationpelow about 0.9%g, the rate of fall ofoy,s with decreasing
which is also related to density variations during the collisionbombarding energy becomes greater than that predicted by
process, and suggests the necessity of dynamical calculatiopalculations (they claim similar results for the reactions
[15]. So far no attempt has been made to perform a systen®Ni+®Ni [20], *%zr+8%, %zr, 92zr [21], and ®*Ni+ ®Ni
atic study of how the parametar required to fit fusion data, [22]). Haginoet al. [23] pointed out that, at extreme sub-
varies with reaction properties and nuclear structure. In thigarrier energiegoy,s down to the 10* mb leve), it is nec-
paper we have chosen to compare the results against th&sary to make an exact calculation of the barrier penetrabil-
charge produck;Z,, which is related to the strength of the jty rather than one based on the parabolic barrier
Coulomb potential at the fusion-barrier radius. The higherapproximation, and, furthermore, that the |arge values of
the value of the Coulomb potential at the barrier, the closer isequired to fit the above-barrier cross sections significantly
the barrier radius to the sum of the half-density radii of targetaffect the sub-barrier cross sections. Further measurements at
and projectile nuclei. This is because the nuclear force, as @eep sub-barrier energies would be of great value in eluci-
function of separation distance, is expected to be fairly indegating this matter. Because of the limited availability of deep
pendent of charge or mass. The higher the summed densitib-barrier data, the present study is confined to fusion cross
of target and projectile at the barrier, the more likely aresectionsey,s above the average fusion barrier, which were

dissipative effects to be important. Similar trends are founditted to obtain the parameters of the Woods-Saxon potential.
by plotting the results as a function A 3+A§ 3 This study

has been made in the expectation that it may suggest expla-
nations for the anomaly and stimulate further lines of inves-
tigation. Selected results from this work have already been Calculations with coupled channels codes show that the
presented17] energy dependence of the cross sections above the barrier
region is relatively insensitive to the couplings included, and
ll. ANALYSIS, PROCEDURES, AND CONSTRAINTS is primarily sensitive to the nuclear potential used. An ex-
Fusion cross sections at energies above the highest barrigmple, the fusion of°0 with the strongly deformed nucleus
and below the lowest barrier in the distribution might be***Sm, is shown in Fig. 1. Note that, in this and similar plots,

A. Effect of couplings
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the cross sections are shown on a linear scale rather than the WO T T T ]
usual logarithmic one, where it is difficult to assess the ac- 1800 |- 8
curacy of fits to data. Calculations were made with the real- 1600 ]
istic coupled channels codecruLL [8], which takes cou- 1400 |

pling, to all orders, uses an ingoing wave boundary _

condition, and calculates a barrier penetrability for each par- g wor

tial wave. Using the same potential parameters, the results -

show that there is very little difference, apart from a small 800 -

reduction in the average barrier ener@0.1 MeV), be- 600 |

tween the fusion cross sections above about 200 mb when wo b

there is no couplingdashed lingand when coupling to the
rotational band in*>*Sm is included(full line). For lower

cross sections and bombarding energies in the region of the O o0 100 10 120 130 10 130
fusion barrier(=59.3 MeV) there is a major difference be- Ecm. MeV)

tween the two calculations since couplings strongly affect the
cross sections in this regidi2]. Hence, to ensure that the
data fitted were above the barrier region, the lowest values cﬁf

FIG. 2. Experimental excitation function for the reactibir
208 (filled circles compared with various calculations. The full
ne is the fit withccmonb for V=100 MeV, while the long-dashed
line results from a calculation with the extra-push model adjusted to
give the experimental value fofg.

oys Included were at least 200 mb for all reactions.

B. Fitting procedure

The high energy fusion cross sections were fitted with a ) . . . .
¥2 minimization code based on the simplified coupled Chan_results in rapid calqulatlons. Howeve_r, it must be recognized
hels codeccMop [7]. The diffuseness determined from fit- that a result of using this formula is that the loss of the
ting a given data set depends somewhat on the other parafiotential pocket at high angular momentum does not limit
eters of the WS potential. Thus, in order to carry out alusion, unlike in the codeccruLL [8], which solves the
systematic study, a consistent approach is required in fittin@Chr‘_)ql'nger equation and uses the ingoing wave boundary
the experimental data, as described below. The valueg of condition at the minimum in the pocket. However, until the
anda, together with their uncertainties, giving the best fit to pocket is lostCCruLL f"deCMOD give essentially identical
the fusion data, were found for a fixed value ¢, The results for zero-coupling calculations.

values ofr, anda are strongly correlated in the sense that a, e experimental data show no evidence for limitation of
given value forry(a) defines, within the error limits, the fusion due to loss of the potential pocket, being extremely

value fora(rg) rather precisely. For example, in the case ofwe" fitted by cCmMoD up to ”}g h'ZQOESSt measureq energies,
the %0 +2%%Pb reaction, fixinca(ro) at their optimum values for example up to 1.X V for “F+"Pb as shown in Fig. 2.

) . .~ This might imply that the pocket does not disappear at the
0 0
definesro(a) to about 0'02./60'06 9. Further, an increase in highestl values probed by the data. Alternatively, physical
a(rg) causes a decreaserig(a) so that the correct value for

Vai ined. Th - din the fi Iprocesses not included in coupled channels models such as
s IS regained. The uncertainties quoted in the fit parameters, o niia| friction, as for example in the extra-push model

fu_IIy include t_he effects_ of this correla’gion. Generally no CoU- que to Swiateck|26,27, may permit fusion to occur despite
plings were included in the calcullat.lons after a few CaS€ihe disappearance of the pocket in the entrance-channel po-
were checked to see whether their inclusion made any Sigzniia) However, as discussed later, extra-push model calcu-
nificant difference to the results; changes were mifS&e  |44ions do not reproduce the trend of the data, as seen by the
Sec. I A). dot-dashed line in Fig. 2. For deeper nuclear potentials the
The parent .codes @CMOD’ CCFusandCCDEF, calculate pocket remains up to high¢walues. Hence the high energy
the cross sections using the Wong form{2a] data can be reproduced bycruLL, but only with deep
o(E) = (Réﬁw/ZE)ln{l +exg2m(E-Vp)lholt. (2 nuclear potentials. For such potentimsmoD and CCFULL
agree well. It can be argued that these deep potentials are
However the Wong formula does not take into accountithe unrealistic[28,29. A depth of 100 MeV forV,, is relatively
dependence of the curvature or barrier radius. It has beeglose to the potential depths of the Woods-Saxon parametri-
shown[25] that neglect of thd dependence of the barrier zation of the exponential Akyiiz-Winther potentfd2], as
radius in the energy regioB> Vg leads to larger than ex- described in Ref[13], which reproduces elastic scattering
pected values oé. Thus the shift of the barrier to smaller data. This will later be referred to as the AW potential. Con-
separation distances with increasihpas to be taken into sequently, for this systematic study, the fusion data were fit-
account in order to obtain a meaningful fit to the above-ted with the codeccmop using a fixed potential depth of
barrier cross sections. One of the featuregofob is that, 100 MeV. Fixing the depth avoids the dependence @i
following Ref. [25], this is achieved by replacingg in Eq.  V,, which is shown in Fig. 3, together with the dependence
(2) by of ry, for three experimental systems spanning a wide range
_ of Z,Z,. As shown in Fig. 3, the parametaincreases antd,
Re=Rg—aln[1+2(E-Vp)/Ve] @ gecreases a¥, increasesfiw increases only slightly with
for E> V. The use of the modified Wong formulaaecmop  increasingV, and is not shown.
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FIG. 3. The values of andr, obtained by fitting the high
energy cross sections as a function of the potential depfor the
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FIG. 5. Total potential¥/; for the reaction’?S +232Th. Potentials
for angular momenta of7/0and 4@ are shown using the nuclear
potential of Akyliz and Winther havingy,=80.2 MeV (full lines)
and potentials withVy=100 (dashed lines and 500 MeV (dot-
dashed lines which reproduce the same above-barrier fusion cross
sections. The vertical dotted line gives an indication of the separa-
tion distance when the overlap nuclear density reaches the satura-
tion density.

cases with very larg&,Z,, when the potential depth was too
small for ccruLL. The fitting code was then used to repro-
duce these cross sections for the fixed depths of 100 and
500 MeV by optimizing the values @& andr,. Potentials for
angular momentaf@and 4@ are illustrated. At and outside

for three values ol as functions of the center of mass the barriers, thé/; for different V, are essentially identical
separation distanae are shown in Figs. 4 and 5 for systems but, at smaller separations, they differ increasingly. Higher
with low and high values oZ;Z,, respectively. Potential pa- angular momenta also probe the region insidelth@ bar-
rameters giving the same barrier energy for different depthsier; thus the excitation function above the barrier is also
were obtained by the following method. High energy crosssensitive toV,. That is why, in this systematic study, a fixed

sections were generated bgFuLL or cCMOD using the AW

value of 100 MeV was used. The potential with

potential. Results from the two codes agreed except for a few 100 MeV, having slightly different values afandrg from

e . o e L o o L e e

70
60 |
50 |
10F
30 f

Total potential (MeV)

Vg =58.2 MeV 3
| —=—— -5 Vy=100 MeV 3
// ———  W-8: V=500 MeV]3

FIG. 4. Total potential®/; for the reactiont®0 +%2Zr. Potentials
for angular momenta of/Dand 4@ are shown using the nuclear
potential of Akyuz and Winther havingy=58.2 MeV (full lines)
and potentials withVy=100 (dashed ling and 500 MeV (dot-

10 11 12
Separation r {fm)

13

the AW values, will later be referred to as the modified
Akylz-Winther potential MAW ).

The vertical dotted lines in Figs. 4 and 5 show the sepa-
rations corresponding approximately to those of the sum of
the half-density radiRR;,, of targets and projectiles. Values
for Ry, have been estimated from the compilation of de
Vries et al. [30]. The potentials clearly have no meaning for
separations smaller than these as the summed nuclear densi-
ties are then greater than the saturation dengjtyFor such
separations it is clearly necessary to incorporate additional
shape degrees of freedom into the calculations. Taking the
diffuseness parameter of the density distribution as 0.56 fm
[30], the summed density for separations 1 fm and 2 fm
larger than those of the dotted lines would be about 58
and 0.29,, respectively. The frozen density approximation
may be suspect even for these separations. Therefore it can
be seen from Figs. 4 and 5 that the main differences, which
have significance for fusion, between thg for differing
values ofV, occur in the regions of just inside the fusion
barrier. Notably the potential minima occur in the regions of

dashed ling which reproduce the same above-barrier fusion cros§ where the potentials are meaningless. The barriers are simi-
sections. The vertical dotted line gives an indication of the separalar for all Vy but inside the barrier radius the total potential
tion distance when the overlap nuclear density reaches the saturdrops more quickly with increasing,. This can have a large

tion density.

effect on the sub-barrier cross sections because the barriers
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become thinner a¥, increases. The penetrabilities corre-

spondingly increase significantly wit, for bombarding en- Hoo g ¢ E‘Z‘;" To 3
ergies well below the barrier, resulting in larger values of 1200 | 083 1.12
Ofus: F 1.11 1.03 ]
1000 1.32 0.98 1

N ]

D. Accuracy of measured cross sections 5300 o ]

The data used in this survey were taken from measure- - a .
ments aimed at determining barrier distributions. These re- . ]
quired much higher precision than had previously been the 400 ]
case for measurements of,.. Two aspects are of especial o b ]
importance. The values @f;,s need to be determined with a g ]
relative accuracy of about £1% or at worst a few percent. I TR A TN TR

75 80 8 90 95 100 105 110 115 120

E. . (MeV)

However, the absolute accuracy of the cross sections is not of
great importance for the purpose of determining a barrier
distribution. The measurements have to be taken with closely F|G. 6. Excitation functions for the reactidfio +2%%b, assum-
spaced center of mass energy intervedsl MeV), which  ing ¢ has the values 0.9, 1.0, and 1.1. The experimental points are
should also be very well defined 20 keV or better. In indicated by filled circle$11]. The open points represent the latter
some cases it is clear that the stated errors are too smatlivided by the indicated values ef the corresponding values af
giving fits with values ofy? per degree of freedorty?/v) andr required to fit these data wittly=100 MeV are also shown.
significantly exceeding unity. Whether these result fromThe dashed and dotted lines are the fits to the points giving the
larger errors in the cross sections or in the energy intervalgalues ofa andrq shown. The dot-dashed line, labeled X-P, derives
cannot be determined. In the cases whetkr exceeded 1.5 from a calculation with the extra-push model adjusted to give the
the uncertainties om and r, were multiplied by(y?/»)%%  experimentaVg.

(this is equivalent to multiplying the stated uncertainties in
oys by the same quantily In a few cases, isolated points
were omitted from the experimental excitation function when
they were clearly out of ling>3 standard deviatiofsvith

a=0.9, but are +8% and +2%, respectively, f@=1.4 fm.

Even those experiments which claim a high degree of accu-
racy in absolute cross section might be expected to have a
the trend of the data. systematic uncertainty of perhaps £2%, corresponding to a

Some measurements yield accurate values for the absolu'igngr:a ofa bet\t/\rgeen 160/;’ and iZ%I desengéng on tr;etvglL;e of
fusion cross sectionsee, for example, Ref31]). However, a, whereas othergsee, for example, Ref33)) are stated to

; ; : have an uncertainty in cross section normalization of as
for others, such as those using electrostatic defle¢8&is it 0 L .
is more difficult to determine absolute cross sections, aI-mUCh as +15%. Thus it is expected that values determined

though the relative cross sections may be well determineJrom fitting experimental data will show considerable scatter.

This is because the transmission of the deflectors can be In making a useful systematic study of the experimental

significantly less than unity and may be difficult to determineyalues ofg, it is clearly neccessary to be able to identify

accurately. If the absolute value of, is in error, but is inaccuracies in measurements of absolute cross sections to
b us 1 . . . .
assumed to be correct, the deduced values of the paramet timate the values _oa‘. One possible way Is to systemati-

a, ro, Rs, andfie can be seriously in error. An “efficiency cally compare_experlmental values rgfwith value§ derlved_
factor” e was therefore introduced in the code in order tofrom a theoretical potential, such as that of Akyiz and Win-

account for possible errors in the absolute cross sections. Fﬁer[lz,lq or the more recent semimicroscopic potential of

example,e=1.0 would mean that we assume the absolut enisov [34]. It would not be reasor}able to expect exac;t
cross se’ctions to be correct. wherea9.8 would mean that correspondence between the experimental and theoretical
they were taken to be 20% 1t00 low ' values. However, a smooth trend in the differences or ratios

As shown in Ref.[25] the barrier radius decreases might be expected, if plotted against the charge product

strongly with increasing angular momentum for large valuesleZ' Any large departures _from this trend would indicate an
of a. whereas it is almost constant for small Thus the €Morin absolute cross section. The parametssuld then be

calculated fusion cross sections at above-barrier energies ai(gjl?tsetir;os b(:'lﬂggf'z gctﬁce’rrga\?vgi V;'tgetgg :;egﬂaﬁ;lg;' In
progresswely reduced FBINCIeases. A measurement which nit yValues ofe cannot be determined with precision b
is assumed to be 100% efficient but actually has a lowe}MYY- P y

efficiency may therefore incorrectly suggest a valueaof this method,_ and hence realistic errors for t;haglues are
which is too large. An example of howandr, vary with e almost certainly larger than those derived frafnfits to the

is shown in Fig. 6, for thé®0+2%Pb reaction, where it is high energy cross sections.
seen that a +10% changeémesults in about a +25% change ||| RESULTS AND COMPARISON WITH THEORETICAL

in a for a=1.11 fm. The corresponding changesry Rg, BARE POTENTIALS

and Ziw are about +7%, +4%, and *18%, respectively,

whereasVg remains almost unaltered. Unfortunately these A. Bare potentials

changes also depend on the valuaofor the £10% change In principle, a coupled channels calculation should start

in €, the changes im andry are about £30% and +9% if with a “bare” nuclear potential, i.e., one calculated from
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nuclear density distributions and appropriate interactions be- 103 T
tween the nucleons. Such a potential by definition does not C oW
include the effects of any couplings. Using such a potential, S P TR
all strongly coupled, mainly collective, channels should be g //_-/.;_ 12 © 1
included in coupled channels calculations. Coupling to states £ gL ]
with excitation energiesE,<#Aw (typically 2-4 MeV) ]

mainly produce a change in the shape of the barrier distribu- = N

tion. On the other hand, coupling to states Wij> % w re- 0.97 b ]
sults mainly in potential renormalization, shifting down the E TN T

value of Vg relative to that obtained using the bare potential 0.95 [t
[35,36. F o)

The best known example of this potential shift relates to . I o
the case of coupling to the collectivg 3tate of*°0 at E, g r02r .
=6.05 MeV. This produces a downward shift of about £ s A
2 MeV in Vg for the case of®0+*‘Sm[35]. The shift can g o
qualitatively be understood by the short vibrational period ‘Z{n B ! | i ]
associated with coupling to this state, meaning that it can Lo
respond quickly(adiabatically to the forces acting upon it, [
which has the effect of reducings. In contrast, the period of L e T T 600

rotation of a heavy statically deformed nucleus is so long
that no significant change in orientation can occur during the
collision time. When, as in this work, the nuclear potential FIG. 7. (a) Ratio between the fusion barriers calculated from the
has been determined by fitting high energy fusion data, thenalytical formula of DenisofMg(Den)] and from the AW potential
result is not a bare potential, but rather an effective potentialVs(AW)] for the following projectiles:"Li (dotted ling; °Be
This is because couplings to states at high excitation energydashed ling **C(dash-dot-dotted-line *°0 (solid line); *°Si (long-
which cause barrier shifts, have not been included in thélash-dotted-ling “*Ca long-dash-short-dashed-lingb) Corrected
calculations. Thus for fusion reactions WHFO, the effects ratios of the barriers for the two potentidlsee text. The symbols

of the 3 state in%0 would be implicitly included in the indicate_ target nuclei with _closed she(lstarg, of vibrational char-
effective potential and hence coupling to this state should ngfCter (¢ircles, and of rotational charactgsquares This conven-

be explicitly included in a coupled channels calculation. [t1n 1S used in later figures.

also follows from this discussion that a realistic bare poten-

tial, without couplings, should give a value fgg exceeding smooth trend in the ratio of the two results, which are shown
the experimental value. This does not seem to be the cade Fig. 7@ for a number of different projectiles, against
with double-folding potentials calculated using density-Z1Z,. While the ratios for°0 and higher mass projectiles lie
dependent M3Y effective nucleon-nucleon interactipb@. ~ within a range of about +0.1% there is a sudden drop in the
If radial dissipation played a part in the fusion process, theatios for projectiles lighter that®O. The Denisov barriers
measured value fovg would be increased over that calcu- for *°C and®Be have therefore been corrected by increasing
lated without friction. However, if this were the case it would them so that the values ¥%(Den)/Vg(AW) follow the trend
mean that collisions would be occuring between the surfacef the®O ratios. After correction, the ratios calculated for all
nucleons, which might invalidate the frozen density assumpthe systems used for this study are shown in Fid),7to-
tion. gether with a linear fit to the pointslashed ling The results

The AW potentia[13] has sometimes been taken as a barescatter about this line with a full width at half maximum of
potential[36]. However, though partly based on the proxim- about 0.2%.
ity potential, it derives from a least-squares fit to experimen-
tal elastic scattering data, and therefore may not be the best
choice for the description of fusion data.

The recent potential of Denisoj84], based on a semi- In Fig. 8 the difference®Vyz between the values of
microscopic calculation, might be regarded as a better agrom Denisov and those obtained from fits to the high energy
proximation to a bare potential. These potentials were calcueross sections are shown as a functionZgf,. Each error
lated for projectile and target nuclei betwe¥® and?'?Po  shown is derived by taking the square root of the quoted
in the extended Thomas-Fermi approximation and assumingncertainty in beam energy and an arbitrary 20% of the en-
frozen densities. An analytical expression was then deriveergy loss in the target added in quadrature. An additional
by fitting calculated potentials for 7140 reactions and wasuncertainty inVg, not included, arises from the statistical
claimed to reproduce the barrier heights calculated semimerrors in the data. It can vary from about +0.02 MeV to
icroscopically with a rms error less than 0.3 M§34]. This  about +0.3 MeV for the worst cases such ¥©+%%pt.
expression may, however, be much more inaccurate outsiddostly they are comparable to or smaller than the errors
the calculated range of nuclei. In order to see whether thishown in the figure. The values &V are positive, as ex-
might be so, the values dfg derived from the analytical pected, and generally increase with increasfy@,. The
expression and those calculated from the AW potential werelashed line is a linear least-squares fit to the data. If the
compared. Although not identical, one would expect aDenisov potential were a true bare potential and if &vg

L2

B. Comparison with measured fusion barriers
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FIG. 8. Difference between the Coulomb barriers calculated [
with the Denisov potential and the experimental barriers. The Den- b0l v v o]
isov result has been corrected fide and'?C projectiles(see text 0 02 4 6 8 10 12
The dashed line is a linear least-squares fit to the experimental data. E, (MeV)

The dash-dotted line and the dotted line show the tréadsumed
linear) of calculations, with the codecruLL, including the isoscalar
GOR for reactions induced bfO and*°Ca, respectively. Some
calculated points are shown f3fO (small open squargsand for
49Ca(small open triangleés The horizontal arrows point to the three
extreme cases 4fCa+%zr and*?“sn (high) and?®si+***Sm (low).
Symbols are as in Fig. 7, except that the open symbols indicat&lthough there is weak evidence for systematic behavior,
cases where # 1.0. there is very large scatter in the data.

. . . . Excited states withe, >7%® not only produce a reduction
could be correctly described by coupling to highly exmtedAVB in Vg but also have some effect on the paramegeasd

states using a real potentiéd.g., without friction, then it ro This is i - : .
. . This is illustrated in Fig. 9 for the barrier shiftVg and
would be expected that the dashed line would go througl?O . O 190
. . he parametea in the case of°Ca+°°Zr. We used the real-
zero forZ,Z,=0. However, neither of these assumptions may. ticpcoupled channels codecFuLL [8], including only the

be correct, in which case there is no reason why it should dg_ state of4%Ca, with 8;,=0.433[38]. In order to generate

so. Most of the data lie fairly close to the line; however, there o , : ) ;
are some exceptions, The most notable afesSi hypothetical “data” for fusion cross sections for this system,

+1445m (2,2,=8689), which lies about 2 MeV below the line, the energy of the Bstate of*%Ca was allowed to vary from
40ca+12%5n (2,7,=1000, ~3 MeV above, andCa+%7r the experimental value of 3.74 MeV. The barrier parameters

— : then extracted in the same way as for experimental
(2,2,=800, ~2 MeV above. Possible reasons for these were . ; T
large deviations will be discussed later. However, they candat- In these calculations the AW potentit2, 13, modified

not be due to uncertainty iasince this has a minor effect on to V=400 MeV (see Sec. I G, was_used. _This was done
V. For example, even a 20% changecsiwould produce an because coupled channels calculations wadFuLL [8] re-
approximately 0.3 MeV change Mg, which is comparable 9ulre deep potentials to reproduce the fusion cross sections

with the uncertainties shown in Fig. 8. An effect that might over Fhe entire energy range. Although the changes ane
cause scatter about the line is the variation of the excitatiof9nificant, they are generally sma#-+0.08 fm compared
energies of 3states, which can be above or below the valueg® the dewaﬂon; between the values obtained from f|t§ to
of hw. Unlike the collective first 2 states, whose energies Nigh energy fusion data and those from the MAW potential,
generally lie well belowio and whoseB(E2) values de- Which on the average are about 0.4 fsee Fig. 12 beloy
crease rather systematically with increasing excitation energy _

[37], there is no clear relationship between excitation energy C. Effect of giant resonances

and B(E3) for the 3 states. Their strengths, expressed as a A general feature of nuclei is that they have collective
percentage of the energy weighted sum rule, vary from aboujiant resonanceéGR) at high excitation energiept0,41.
0.4% to 1699 38]. Thus states with largB(E3) values, such  Coupling to these produces a barrier shift, which would be
as the 3 state of'®0, may exist at energies abovie» and  expected to increase with the coupling streng{,. The
produce large barrier shifts, whereas states with similaGR with multipolarity A\ of 0, 1, and 2 are well known,
B(E3) at energies belowiw would produce smaller shifts. whereas those with higher may well exist but are difficult
Since the low energy octupole strength is known often to béo identify experimentally. To give some feeling for the effect
fragmented among a number of 8tates it might be more of coupling to these GR, calculations have been made for the
appropriate to consider all of this strength rather than justsoscalarE2 resonanc€GQR) alone. This is known to be
that in the 3 state. Metlayet al. [39] have plotted these centered at an energy of about’6%* MeV. The GR defor-
measured total strengths as a function of the centroid energgation parametep, for A=2 is given by[40]

FIG. 9. Calculations showing the variation @ the fitted dif-
fuseness parametarand(b) the barrier shiftAVg as a function of
the assumed excitation energy of thestate in*Ca, for the reac-
tion *°Ca+°Zr (see text
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wherem is the nucleon mass arilithe nuclear half-density
radius. Forx=2 andR=1.2A%3 fm, 8,=3.04A72/3, giving a
variation in3, from the rather small value of 0.087 f6¥Pb
to 0.58 for'C. The realistic all-order coupled channels code
CCFULL [8] has been used to estimate the barrier shifts due to
the GQR, B, values for both target and projectile being in-
cluded. The finite widthj42] of the GQR was not taken into
account as the effects are not expected to be significant. Also
shown in Fig. 8 are some of the calculated points'far and _ ]
0Ca projectiles. Approximate linear trend lines, forced to go 00 e T 0
through zero, are also shown fiO projectiles(long-dash- 4%
dotted ling and “°Ca projectiles(dotted ling. Both exhibit _
similar behavior although they differ in magnitude. The rea- FIG. 10. Values ofo(expd/ro(MAW) as a function oZ,Z, (see
son why thet®o results lie above those fdPCa is because text). A few typical uncertainties qre indicated. The dashed line
the values forg, increase strongly aé decreases, making shows the average value of the ratio for all cases whédras been
the effect of the projectile dominant in most cases. Howeverl,ak.en o be unity. Cases whes@ppeared 0 d.ev'ate markedly from
the effect of the target nucleus becomes relatively more jmdnity are not included. Symbols are as in Fig. 7.
portant as the target ma&g,Z,) decreases. . . )
The calculated shifts explain up to about 1/3 of the ex-the cases where=1, the experimental cross sections lie be-
perimental deviations and show a similar dependence olPW @ fusion excitation function calculated with the AW po-
Z,Z, as the data, suggesting that coupling to all giant resotential, for whichrg has been slightly adjusted to give the

nances may account for a significant part of the trend in théame fusion barrier as that determined experimentally; this
experimental data shown in Fig. 8. implies thata(expt >a(MAW ). The opposite is the case for

3654909y reactions, shown in Fig. 11 for th&Zr case,
implying that a(MAW) >a(exp, in strong disagreement
with most other data.

0.95;— . +.+ R +}—

g {exp) /z( (MAR)

0.85 [ ]

D. Radius parameters

The calculations to determine the parametarand r,
giving the best fit to experimental data were initially carried
out assuming that the absolute cross sections were correct, E. Diffuseness parameters
l.e., takinge=1. The comparisons of the experimental values The values of the parametess ro, Vg, R, and x2 per
of ry have been done only with values from the modifieddegree of freedoniy?/v) deduced from fitting the experi-
Akyliz-Winther potentia[13], since Denisov's parametriza- mental data, as described in Sec. II, are shown in Table I.

tion is not of the Woods-Saxon form and thus does not inyncertainties in values of the fitting parametarandr,, are
volve ro. Values ofro(MAW) anda(MAW) for the MAW  ghown. However, we have not included uncertainies\igr
poter}tlal (see _Sec. Il ¢ were dete_rmlned for a number of gpq Rg because we do not wish to give undue physical sig-
reactions and interpolated to obtain valuesigMAW) for pificance to these values, as they depend on the validity of
the other cases. The ratioglexpt/ro((MAW) are shown in  the parrier passing model which is used. If fusion cross sec-
Fig. 10, plotted againsZ;Z,. Some typical uncertainties in tions were reduced by deep-inelastic collisions the fitted
the ratios, arising from statistical uncertainties in the datayalue ofR; would be too small anig would also be in error
are indicated. A 2% uncertainty inwould result in a further i the ratio of fusion to deep-inelastic cross sections was not
uncertainty of about 0.013 in the ratio, which is comparableindependent of bombarding energy. In order to give some
with the statistical errors. indication of the quality of the data, the table also shows the

The results of the analysis of the high energy cross secaverage quoted percentage experimental errors, multiplied by
tions indicate that the values of(expy/ro(MAW) are con-  (2/1)%5 when y?/v=1.5. This quantity is a measure of the
sistent with a value of 0.932+0.021. There is a slight ten-average deviation of the data from the best fit. More than
dency for the closed-shell target nuclei to have higher valuegalf have an average deviation of less than 1.5%, showing
of ro(expd/ro(MAW). Values for closed-shell, vibrational, that the fits represent the experimental results extremely
and deformed nuclei are 0.941+0.020, 0.928+0.020, angvell. Values deduced foe+ 1 are indicated in the table. For
0.930+0.024, respectively, but the effect is not significant. the °Be+2°%Pb case, the weakly bound projectiBe breaks

In a number of cases, the valuesrgfexpt/ro(MAW) for  up before fusion occurg43,44, so that fusion is inhibited.
e=1 were far outside the scatter range of Fig. 10. For each ofherefore for this reaction the measured incomplete fusion
thesee was changed from unity so thag(exp/ro((MAW)  cross sections were added to the complete fusion cross sec-
assumed the average value of 0.932+0.024e Table ).  tions and the sums fitted to obtain the potential parameters.
These cases are not shown in Fig. 10. The reacti8s Values ofa, for V;=100 MeV, are shown as a function of
+9997r 133] are an example, implying that in this casgs  Z;Z, in Fig. 12a). The experimental errors shown arise from
had been overestimated by a substantial amount. For all aftatistical errors in the data together with, in some cases,
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TABLE |. Parameters andr for the real nuclear potential determined by fitting the high energy fusion cross sectiongg\ied at
100 MeV. The uncertainties, shown in parenthesis, are the products of those determined from thé fRs:ahdl(see text Fusion barriers
Vg, fusion radiiRg, values ofy? per deg of freedoniy?/ v), and products of the average quoted percentage errors of the dafg?and->
(A) are also given. Cases where the values were derived from nonunity valuesi@indicated.

Reaction a (fm) ro (fm) Vg (MeV) Rg (fm) X A% Reference
160 +58\j 0.78(3) 1.03%10) 31.67 9.30 1.8 1.0 [65]
160 +62Nj 0.74(4) 1.0638) 31.12 9.54 2.8 1.2 [65]
126 4+927¢ 0.893) 0.98415) 32.31 9.68 0.5 0.9 [54]
160 +927¢ 0.84%11) 1.0464) 41.96 10.02 1.5 0.9 [54]
9Be +2%pp 0.90810) 1.044) 38.19 11.35 0.4 3.1 [43]
160 +11%gp 0.886) 1.053) 51.02 10.2 2.6 15 [66]*
160 +116gp 0.866) 1.053) 50.96 10.29 4 1.7 [66]°
“ca+*ca 0.939) 1.053) 52.00 9.99 13 43 [51]°
48ca+*Ca 0.8910) 1.043) 51.49 10.16 42 6.7 [51°
40Ca+4Ti 0.97(6) 1.042) 57.89 9.77 3 2.0 [67°
40ca+*Ti 0.95(6) 1.042) 57.88 9.85 5.1 2.7 [67)"
40ca+°0Ti 0.896) 1.042) 58.21 9.84 4.3 25 [67]°
12¢ 4+204pp 0.8%7) 1.042) 57.55 11.34 35 34 [68]
160 +144gm 0.7%4) 1.10813) 61.03 10.85 6.3 1.7 [2]
160 +1%8gm 0.996) 1.042) 59.83 10.76 3.9 2.0 [2]
160 +15%gm 1.062) 1.0197) 59.35 10.76 0.8 1.0 (2]
Y0 +1%%sm 0.872) 1.0698) 60.57 10.79 3.3 1.1 [2]
285)+9z¢ 0.974) 1.04Q13) 70.93 10.19 1.8 1.3 [54]
160 +183y 1.0605) 1.02713) 69.49 10.98 0.45 2.7 [69]
160 + 189y 1.044) 1.03910) 68.87 11.12 1.8 1.4 [2]
325 48% 1.01(4) 1.05Q9) 77.77 10.30 0.52 1.0 [70]
34g 489y 1.04(3) 1.04798) 76.88 10.40 0.94 1.0 [70]
160 +1%9pt 1.0914) 1.044) 71.54 11.23 0.3 6.0 [71
180 +198p¢ 1.12) 1.046) 70.79 11.38 6.1 9.9 (71
365 1907 0.979) 1.073) 77.97 10.54 0.86 1.6 [33"
365 +957¢ 1.21(8) 1.033) 75.61 10.79 1.9 2.1 (33"
160 +208pp 1.112) 1.0355) 74.52 11.31 5.1 1.2 [11]
35¢1+92zy 1.213) 1.0166) 82.94 10.20 2.8 1.1 [54]
1941978y 1.00512) 1.0693) 81.61 11.32 1.1 0.8 [68]
160 +23%y 1.293) 1.0076) 80.81 11.45 35 1.0 [68]
19F 4208, 1.0627) 1.0592) 82.96 11.50 2.2 0.7 [72)
58Nji+ 50N 1.12(14) 1.063) 96.00 10.26 0.8 2.7 [73]
40ca+9%zr 1.054) 1.0738) 96.88 10.53 0.9 0.9 [45]
40ca+%zy 1.38315) 1.0172) 94.59 10.12 0.2 0.9 [45]
19 42321 0.964) 1.0949) 89.30 11.91 0.5 1.0 [74]
28gj+14%5m 0.894) 1.08910) 103.89 10.93 1.1 1.1 [46]
40ca+?%sn 1.578) 1.04Q9) 112.93 10.08 1.4 15 [32]
28gj 4. 1784f 1.06(4) 1.0759) 115.27 11.21 5.9 1.8 [75]
29G4 1784¢ 0.945) 1.09911) 115.06 11.44 0.8 1.5 [75]
305 +186y 1.05312) 1.0832) 116.23 11.47 0.8 0.8 [68]
Slp 4179 y 1.028) 1.0889) 120.99 11.34 5.0 25 [75]
34g 4168y 1.23412) 1.0612) 122.39 11.01 1.4 1.0 [76]
2831208, 1.082) 1.08Q3) 128.07 11.45 15 1.2 [10]
325 4+208ppy 1.303) 1.0724) 144.03 10.91 3.9 1.1 [77]
325 42321 1.396) 1.0714) 155.73 11.18 0.8 1.0 [77]
“0ca+9%0s 1.183) 1.0946) 168.07 11.05 25 0.5 (78]
40ca+%%pt 1.2613) 1.0876) 172.87 11.05 11 1.7 (78]
3e=1.08. fe=1.06.

be=1.10. 9=1.04.

Ce=1.40. Ne=1.25.

de=1.32. ie=0.61.

€e=1.07.
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FIG. 11. Comparison of fusion excitation function calculated 1.40 - p
with the MAW potential, slightly adjusted to give the experimental r ' .- ]
value of Vg (solid line) with experimental data for th&®s+%0zr 1.00 £ P
reaction[33] (see text The dotted line shows these calculations E ) C N ,/’ ]
multiplied by 1.15, indicating the ambiguity betweenand the = r + //’ ]
value ofa. For comparison the dashed line shows a calculation for s 1.00 - ;, - -
V=100 MeV with a=1.0 (typical for other reactionsadjusted to L /,ﬁ' ]
ive the experimentaV/g. L7 ]
g p B 0.80 | # . + ]
errors arising where is not unity. The trend in the data is 0.60 v Lo vt 1o n Ly 1]
illustrated by the dashed line, which is a linear least-squares 0 400 800 1200 1600
fit to the data, while the full line indicates the valuesadbr )

the MAW potential. The points show considerable scatter _ )

about the dashed line but are well above those for the MAW _FIG. 12. Values of the diffuseness parametass a function of

potential. Using values o taken from the dashed line in 2122 (8 for all cases;(b) for O induced reactions only. The

Fig. 12a), a 2% change ir would result in changes ia of dashed lines shovy a !lnear. Iegst-squares fit to all of the experimental

approximately 0.06 fm for the systems with I&yZ, down data gnd the solid lines |r}d|ca_1te the valuesaofor the MAW

to 0.02 fm for those with higiZ;Z,. Thus errors arising from potenna_l. Sym_bo_ls are as in Figs. 7 and 8.’ except that the S'.ma”
L : be significantlv laraer than open circles indicate values calculated with the double-folding

uncerta!nt_les ine can sometimes g y larg model [16].

the statistical errors.

IV. DISCUSSION OF DIFFUSENESS PARAMETER Comparisons between them should therefore be more reli-
able than comparisons between members of the whole data
The values ofa increase on the average with increasingset.
Z,Z, and greatly exceed those given by the MAW or AW
potential[13]. However, there are considerable fluctuations
about the dashed line in Fig. . The reasons for the large
values ofa and for the fluctuations are still not clear. In some  To try to get some more understanding of the phenomena
cases the fluctuations may arise from departures from  driving these results it is worth while to consider some of the
unity, a value assumed in most cases. To avoid confusioffactions, measured by the same groups, which show sys-
from different projectile structure it is of interest to look at tematic behavior or show exceptionally large deviations from
data from a single projectile. Values af for reactions in- the dashed line in Fig. 12. Examples of the former &@
duced by®0, the projectile with the largest number of reac- +*******6m and"’0+'*sm[2] (z,2,=496 and**s°Ca
tions measured, are shown in Fig.(p the dashed and full +°°Zr [33,45 (Z,Z,=640 and 800, respectively The
lines from Fig. 12a) are also included. These data, as a'°0+"Sm reactions show a steady decrease boMgijrrela-
function of Z,Z,, appear to have a steeper slope than that ofive to Denisov’s value, and img(expd/ro(AW), and a
the dashed line. However, it might be unwise to concludesteady increase ia going from**‘Sm to**‘Sm; use of*’O
that different projectiles give different slopes because of thisas a projectile shows similar behavior to increasing mass for
small data set and the large fluctuations about the trend linthe Sm isotopegsee Figs. 8, 10, and 12, and Tabje The
seen in Fig. 1&). Many of these cases, including the reac-°S and*°Ca induced reactions of?*Zr also show similar
tions on#414815%6m \were measured by the same gré2p  behavior in going front°Zr to %zr. While the Sm isotopes
and with a compact velocity filtef31] having e=1.0.  show a systematic increase 83 going from the spherical

A. Effects of neutron number on the diffuseness
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closed shell nucleu¥**Sm to the strongly deformetf*Sm,  particular for the reaction®*Ca+°*°Zr, of which “°Ca
97r and®®Zr are both spherical nuclei. This suggests that ther °*°Zr have been studied experimental§5]. They con-
behavior may be associated more with going from neutronelude that when nuclei, particularly those that are neutron
poor to neutron-rich nuclei than from changing deformation.fich, come close together a flow of neutrons occurs between
Examples showing very large deviations anfrom the them, rgsulting in a neck. The eff_ect of a neck is to reduce
dashed line are thé°Si+'#*sm [46] and *°Ca+'?*Sn [32]  the barrier(dynamical barriey relative to the normal static
reactions. For the first reactiofz,Z,=868 Vg and fusion barrier between the two nuclg9]. A similar effect
ro(exph/ro(MAW) are high whilea is much lower than the has been seen in calculations using mean-field transport
trend value, similar to thé®0+1%4Sm case. On the other theor}/[SO] in a study of the fusion of the symmetrical sys-

6 16, 58n1i 4 58\ i : ; : :
0, 12 . _ tems—0 +-°0 and*Ni+ “*Ni. The reduction in the barrier is
Qi?gdbg;zw(if)?-k ‘Sn reactior(2,2,=1000 shows the oppo- largest for bombarding energies below the static barrier, de-

: ) , i creasing as the energy increases above the barrier. The result

To quantify the relative neutron richness of nuclei, Wejs g enhance the sub-barrier fusion cross sections over those
define &N to be the difference between the neutron numbega|cylated for a static barrier and, to a lesser extent, the
of a given isotope and the average neutron number of thghove-barrier cross sections. Also, the more neutron rich the
stable odd-mass isotopes of the same elementsNhealues  participants, the larger the separation distance at which they
for **Sm, *®sSm, and"*Sm are -4, 0, and +6, respectively. fuse and the thinner the dynamical barrier. A consequence of
Those for®%zr and °Zr are -1 and +5, respectively, while the fusion barrier increasing with increasing bombarding en-
12451 has a value ofN of +7. For the projectiles, values of ergy is that the slope of the above-barrier cross sections as a
SN are —1 for'®0 and?®si, +3 for®%s, and -3 fo*°Ca. Thus  function of energy is reduced, thus providing a reason for a
all these cases suggest that the behavior may be associaladyer value of the parameter
with the neutron richness or poverty of the target and possi- In Ref.[47] Wanget al. obtain good fits to the experimen-
bly of the projectile. It should be noted that a reaction be-tal data for the*®Ca+>°%Zr reactions. However, nuclear
tween a very neutron-rich target and neutron-deficient prostructure effects, such as those of the strengths and energies
jectile will necessarily involve multineutron transfer with of the 3 states, important in coupled channels calculations
positive Q values. Examples are tH8Ca+°Zr reaction(up ~ of sub-barrier fusion cross sections, are not included in their
to six neutrony and the?*Ca+2*Sn reaction(up to eight model.
neutron$. One prediction from this modd7] is that the neutron-

However, it is necessary to point out that the reactiongich reactions**Ca+"Zr and **Ca+°°Zr should show even
40Cca+19%5n (SN=+4), 19t (SN=-1) also allow transfer of stronger effects, such as sub-barrier enhancement, than the
up to eight neutrons yet do not show similar behavior to the'°Ca+°°Zr reaction. It would be of great interest to measure
Vca+%7r, 12“sn reactions. Further, tH€Ca induced reac- these fusion reactions to see whether this prediction is ful-
tions on *®*85j show the opposite behavior to tH&O filled. However, there must be some doubt as to whether it
+144.148.156m reactions in respect of the differences betweevould be, in view of the experimental results for the reac-
the Denisov and experimental values\4f, and no signifi-  tions *®Ca+*®Ca and*®Ca+**Ca[51]. The “*Ca+**Ca reac-
cant variation ina. tion shows considerable sub-barrier enhancement but the

There seems no doubt regarding the general increase éen more neutron-riclCa+*8Ca reaction shows very little.
bothVg(Den) - Vg(exph and ofa with increasingz,Z,. How-  An important difference between these two cases is that two
ever, there are significant doubts when comparing more de2 four positiveQ-value neutron transfers can occur in the
tailed behavior because data of varying quality have beefi’Ca induced reaction whereas all neutron transfers have
obtained from a number of groups. It would be well worth- negativeQ values in the*®Ca induced reaction. It does seem
while if the high energy cross sections were remeasured by Blausible that neutron transfer and consequent neck forma-
single group using detectors with near 100% efficiency. Subtion might be facilitated when th@ values are positive.
stantial uncertainties can result from large uncertainties in Zagrebaey52] has presented a model, incorporating neu-
the detection efficiencies; for the purpose of this analysis itigron transfer, which gives good fits to tH8*Ca+*Ca,
unfortunate that the data were obtained from barrier distribu2°Ca+°*>*Zr and the™®0+>*Ni and the'°0+°Ni [53] ex-
tion measurements whesbsolutecross sections do not re- perimental data. It is claimed that transfer with negatiye
quire high accuracy. It is also very important that the beanvalue has no effect on sub-barrier fusion enhancement. For
energies are determined in an accurate and consistent wafie **Ca+**Ca case the calculated barrier distribution, in-
and this may differ between groups. If such remeasuremengluding transfer, is very asymmetric with a very long high
were done it should be possible to reduce fluctuations due tenergy tail extending well beyond the no-coupling fusion
experimental uncertainties and derive more definitive inforbarrier. This suggests that the above-barrier cross sections,
mation on these more detailed but interesting questions. and hence the value afderived from above-barrier fits, may
be significantly affected.

There appears to be some conflict between the calcula-
tions related to the neutron richness of the particip§ht

A number of recent theoretical papers, which may be reland those concerned with neutron-transfer reactions with
evant to our results, will now be considered. Waeltgal.  positiveQ values[52] which needs to be resolved. Neverthe-
[47,48 have used their “improved quantum molecular dy-less, it is possible that both, which implicitly involve produc-
namics model” to study the fusion of neutron-rich nuclei, intion of a neutron neck, might have some influence on the

B. Dynamical effects
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FIG. 13. (a) Nuclear(Vy) and(b) total (V1) potentials derived
from above-barrier fits to fusion data for the reactidfisa+"zr
(full lines) and*°Ca+%zr (dotted line. The dashed lines show the
potentials for thé°Ca+%Zr reaction where the value of has been
changed to that for th8°Ca+°°Zr reaction. The barrier radii for
these potentials are indicated by the vertical linegbin

which do not include dynamical effects, do not support a
potential with a Gaussian falloff.

D. Possible effect of deep-inelastic scattering

A further possible explaination for the large valueseof
deduced values of the parameterFurther, more detailed arises because of the close, though not exact, relationship
calculations are required to see whether this is indeed thbetween the value of and the parametex, as evidenced in
case and, if so, how much of the observed increaseviith Figs. 6 and 11. Even i€=1.0 it might be the case that the
Z,Z, is acccounted for by this effect. fusion cross section is depleted by some mechaiiismex-
ample, deep-inelastic collision®IC)]. This depletion cer-
tainly happens with the reactiotBe +°°%Pb [43], where the
loosely bound’Be has a significant chance of being broken

The nuclear and total potentials derived from fits to theup by the nuclear field before contact occi4d]. Here one
experimental fusion cross sections for tf€a+°Zr (solid  can say that complete fusion is suppressed by a fagtor
lines) and *°Ca+°°Zr (dotted lines reactions are shown in which in this case has a value of 0.B8]. Provided thaSis
Figs. 13a) and 13b). The thicker barrier, leading to a larger independent of bombarding energy it can therefore be taken
value of the parameterand also the reduced value fdg, is  as equivalent te. Possibly, similar incomplete fusion reac-
evident for the’®Zr case. There is no obvious physical reasontions may occur with other projectiles. Processes such as
why the value of the parameter, should change from quasifission or deep-inelastic collisions may also deplete fu-
1.073 fm for the’®Zr case to 1.017 fm for th&Zr case. The sion in reactions with other projectiles. However, in order to
dashed lines show the potentials when the value, &r the  produce a suppression, it would be necessary that in the mea-
40Cca+%7r reaction is changed to be the same as that for theurement these products were excluded from the events iden-
40Cca+"Zr reaction, the other parameters remaining thetified as fusion. For heavier projectiles, it is likely that in
same. The value ofg is reduced by about 4.5 MeV, in gross most measurements incomplete fusion and quasifission,
disagreement with experiment. Further, none of these poterwould be included in the fusio(capturé cross sections.
tials would give good fits to elastic scattering data, which Assuming that the large empirical diffuseness values arise
require a much smaller value far This suggests that, within from fusion depletion, values & were determined, by tak-
this approach, the Woods-Saxon potential is not really approing the ratios of the measured capture cross sections to those
priate for describing fusion reactions but that the parametersalculated using the MAW potentigklightly adjusted to
can be somewhat arbitrarily adjusted so that the values fagive the experimental value fafg). They are shown in Fig.

Vg, Rg, andfw are appropriate for fitting the above-barrier 14 as a function oZ,Z,. The data show a consistent down-
fusion data. It was proposed in R§54] that a potential with  ward trend with increasing,Z,, displaying considerable
a Gaussian type falloff might fit both fusion and elastic scat-scatter, as did the empiricalvalues. The deviation @ from
tering data. Although this form of potential is arbitrary it unity should exactly mirror the deviation af from the val-
indicates that it might be possible to find a static potentialues of the MAW potentialsolid line in Fig. 13, since a
which achieves this result. However, as indicated in Sec. Ilinear scaling of cross sections is part of both fitting proce-
present theories, such as the double-folding m¢ig|16, dures.

C. Validity of static-potential approach
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Also shown in Fig. 14 are three pointiarge filled hexa- parameters, the nuclear potential radii;, and the fusion
gons, two at Z,Z,=1400 for the reactions®Ni+%Sn  barriersVg. The results were compared with those from the
[55,56 and one atZ,Z,=1168 for the reactio’S+®AV  “pare” potentials of Denisoy34] and of Akyiiz and Winther
[57]. Both show very significant contributions from DIC at modified to Woods-Saxon forifi3] and 100 MeV depth. In
energies close to the fusion barrier, while Wo[B5,56  most cases the values nf(expt/ro(MAW) appeared to be
found that this was so even at energies below the barrier. Thgdependent ofz,Z,, lying about an average value with a
value ofShas been taken ags/[ows+opicl, averaged over  standard deviation of about 2.5%.
cases wherery,s >200 mb, whereopc is the cross section  The experimental values 6fg were consistently lower
for DIC. Wolfs’ values of] oy,s+ o c] were well reproduced  than those from Denisov’s potentighnd also the Akyliz-
[58] by a barrier passing calculation using the Bass potentialvinther potentia), the difference increasing with increasing
and a 5% radius fluctuation, suggesting that indeed DIC arg,z,. Large deviations from the trend line occurred in a few
taking flux away from fusion. cases. Experimental fusion barriers are expected be lower

This approach is also supported by a calculation by Dassthan those calculated with a bare potential because coupling
and Pollarolg[59], using a friction model, including fluctua- to highly excited stategwvhich increases witiz,Z,) reduces
tions due to quantal zero-point motion of the collectivethe barriers. Coupled channels calculations showed that the
modes, which gave fair agreement with Wolfs’ results, andsoscalar giant-quadrupole resonance could account for up to
by the Langevin type calculations of Frébrich and Marten1/3 of the effect, and presumably coupling to all giant reso-
[60-63, not including the quantal fluctuations, which gave nances would account for more. Coupling to collective 3
similar agreement. The three points do not seem inconsistestates which, unlike collective*&tates, do not show a strong
with the other points with larg&,Z, in Fig. 14. A more correlation between strength and excitation energy, might
recent papef63] has shown DIC similar in magnitude to cause fluctuations about the trend line.
those seen by Wolfs for the reactiotfé**Ni+°¢*Ni in the The most important finding of this work is that the em-
barrier region also. Unfortunately, the;,; were not mea- pirical diffuseness parametees determined by our fitting
sured in this case so that values ®cannot be determined. procedure are all considerably greater than those from the

Most studies of DIC have been made at energies welbriginal or modified Akyiiz-Winther potential. This may in-
above the barrier and it was a surprise when Wolfs found alicate that the WS form of nuclear potential is not appropri-
significant DIC cross section near and below the barrierate in the barrier region, but it could also result from dynami-
Strongly damped reactions similar to DIC are reported tocal effects not included in the model used to fit the data. The
occur in lighter systems, for exampl&S +%Ni [64] (Z,Z, deduced values far show a strong increase with increasing
=449 at energies well above the barrier. It would be inter-Z,Z,, albeit with fluctuations about the trend line. The com-
esting to see if they also occur at energies closer to the baplete data set does not show a consistent difference between
rier. If they do, the values dd might be reduced below unity results for closed-shell, vibrational, and deformed nuclei.
and result in at least a partial explanation of the valuesfor The data do, however, suggest some correlation with the neu-
obtained from fitting the experimental data, being muchtron richness of the projectile and target nuclei, those which
larger than those deduced from the MAW potential. Deep-are neutron rich tending to give larger valuesaofCorre-
inelastic scattering might be expected to increase ®j#fy  sponding effects occur with the values 6. Recent theo-
and thus may provide an explaination of the increase of theetical calculations[47,48,50,52 suggesting or implying
parametera with Z;Z,. The extra-push model of Swiatecki neutron-neck formation, give some support to these observa-
[26,27 includes in a schematic way both DIC and quasitions and for the neccessity of dynamical, rather than static-
fission. The predictions of this model for the reactitf potential, calculations to explain the enigma of the large val-
+2%%pph are shown by the dash-dotted line in Fig. 2. This wasies fora.
calculated with the code of BadR7] and adjusted to give A further possible contribution to the large values #or
the experimental value of/z. It gives a value fora of  might arise from the presence of damped reactions such as
0.67 fm, when analyzed by our procedure. Calculations withdeep-inelastic scattering, which inhibit fusion. If correct it
this model give an approximately constant valuedpsimi-  would again suggest the requirement for dynamical rather
lar to that for the MAW potential, for lower values &iZ,,  than static calculations. If it is assumed that fusion suppres-
and then a rather sudden and drastic increase to valusgn due to DIC is the only reason for largethe suppres-
>2 fm when DIC become significant. Calculations with dif- sion of fusion for large&Z;Z, does not seem to be inconsistent
ferent models involving friction, similar to those reported with results for the reaction®Ni+'#125n and®?s +'%3,
above[59-67 but for lighter systems, would also be of great where DIC are known to occuisee Fig. 14 It would be
interest, especially as experimental measurements are likelgteresting to study, both experimentally and theoretically,
to be difficult whenS approaches unity. other cases with loweZ;Z, near to the fusion barrier to see

whether fusion was inhibited by the presence of DIC.
It is clear that the data, when interpreted with a static
V. CONCLUSIONS Woods-Saxon potential, require much larger valuea tfan
expected from elastic scattering or from the diffuseness of

A total of 46 fusion excitation functions, at energies abovenuclear matter distributions. Some possible causes, based on
their average fusion barriers, have been analyzed, usintpe data and our current knowledge of fusion and reactions,
Woods-Saxon potentials, to obtain values for the diffusenesare suggested. The systematics and the discussion are
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