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Influence of higher-order deformations in the 2*S+ °%r fusion reaction
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The shape of the measured barrier distribution for #g@+ 1°%Er reaction is analyzed using the coupled-
channels description. Thé®®Tr nucleus is a good candidate to test current fusion models description of
deformation since it has a large quadrupole deformation with an insignificant hexadecapole deformation.
Coupling to weaker channels, thg 2tate in3!S, the 3 state in'%€r, and the pair neutron transfer channel,
all were found to have little influence on the barrier distribution. A successful description of the barrier
distribution was only obtained after the hexacontatetrapole deformation tef#fEin (8) was included in the
coupling scheme. However, a positive value IQT; was needed where the macroscopic-microscopic model
predicts a negative one.
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I. INTRODUCTION shape, there are small differences between the shape of the

The influence of the internal structure of nuclei on thetheoretical and experimental barrier distributions at center-
probability for heavy-ion fusion is well established. Cou- of-mass energieg. ,<By. It was shown in Ref[6] how-
pling of the relative motion of projectile and target nuclei to ever, that if additional coupling to vibrational states and
internal nuclear degrees of freedom produces a distributiotransfer channels were included in the theoretical model,
of fusion barriers that replaces the single fusion barriethen a better reproduction of the shape of the measured bar-
which results when these couplings are not inclufied4].  rier distributions resulted. The calculations of RE8] are
The degrees of freedom that affect fusion include the deforshown by the dashed lines in Figs(aland ib) for the
mation of one or both reactants, the excitation of collective>*Sm and %4 targets, respectively. The deformation pa-
surface vibrational modes, and single or multiple-nucleorrameters obtained from these fits to the data were found to be
transfer channels. in closer agreement with publishédonfusion values[11]

In general, collective modes involving large numbers ofthan those calculations which excluded the additional cou-
nucleons play the major role in determining the shape of thglings.
fusion barrier distribution. Evidence for this can be seen in However, as recognized in Ref®,10], the addition of
the measured barrier distribution for the systethO  any weak couplings may result in an improvement in the
+ 1445m [5,6], for example, where the lowest energy octu-reproduction of the shape of the measured barrier distribu-
pole state in***Sm accounted for a large part of the structure
in the experimental barrier distribution, whilst the transfer

er distr trar o Yo i T ]
channels had only a relatively minor effect at energies in the ¢y - . 1 4
barrier region. This difference is due to the weakness of the - H} T T
coupling of one- or two-particle transfer channels relative to  *® [ AN 1 T \ |
the coupling strength of the collective mod@§. This does 1 i
not imply, however, that there are no significant effects of 5 | 4 M H
transfer on fusion. The effects of posititeffective Q-value g 0

transfers, when present, are most evident in the enhancemey I
of the fusion cross section at energies well below the averagt§
fusion barrierBg, since they determine the energy of the <% eoo

lowest barrief 3,6,8]. I

Two examples of the sensitivity of the fusion barrier dis-  **[ t 1
tribution to the effects of deformation are tH€O+ 15%Sm 200 1
[6,9] and %0+ 8 reactions[6,10]. Calculations which + i
could reproduce the measured barrier distributions requirec  ° R ;
not only a quadrupole deformation term but also inclusion of [, . . . , , | [ N S
a hexadecapole term, where the sign of the latter was respor 0.0 0.85 1.00 1.05 1.10 E1-15/§-9° 0.95 1.00 1.05 1.10 1.15
sible for the difference in shapes of the two barrier distribu- et 0
tions [compare the solid lines in Figs(a and 1b)]. Al- FIG. 1. Fusion barrier distributions for a range of deformed

though the quadrupole and hexadecapole degrees of freedatuclei in the reactionsa) %0+ 5%Sm[6,9], (b) %O+ 88w [6,10,
are responsible for a large part of the barrier distribution's(c) %0+ 2% [12], and(d) *2C+ 2*?Th [13].
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tion. The resulting deformation parameters from the fit to the 150 g
fusion data are in better agreement with nonfusion values C 345 , 168p,
since, to a large extent, the additional coupling$¥sm and 125 a1.35 fm

B8V mimic the changes in the deformation parameters re- =  F e a=0.65 fm

jury
[
fan)

quired to reproduce the barrier distribution shape.

In other measurements involving deformed target nuclei,
a discrepancy between the theoretical and experimental bar-
rier distributions in the region 0.94E. ., /By<1.0 MeV
was found in possibly four different systems. Examples are
shown in Figs. lc) and Xd) for the %0+ 2%% [12] and
12C+ 232Th [13] reactions, respectively. Is this discrepancy
due to coupling to weaker channels or to some deficiency in
the theoretical description of fusion involving deformed nu- 110 120 130 140 150 160
clei? Or are the measured fusion barrier distributions sensi- Eo.m. (MeV)

t!ve to higher-order deformations, such as ]lﬁgaQefo_rma-. FIG. 2. Linear plot ofoE,, for the measured fusion cross-
tion, presently a_bsent from the analyses of fusion ',”VOlV'”gsections(solid points for S+ 188r compared with two single-
deformed nuclei? A recent papgt4] addressed this last barrier penetration model calculations, one vath 1.35 fm (solid
question by examining the influence of tjsg deformation line), and the other witta=0.65 fm (dashed ling
on fusion for the %0+ >%Sm, 84, and 2% systems.
However, the disadvantage of this analysid] was that all  petween interacting nuclei in the absence of channel cou-
the nuclei involved in the study have Iar@é deformations,  pling. In fusion analyses, an energy-independent nuclear po-
which meant it was difficult to isolate the effects due to thetential of Woods-Saxon form has often been used, with
B4 term from theB, contributions.

In order to investigate the influence of higher-order defor- Vo
mations, such as thg{ term, a target nucleus with a pure V(r)=—
prolate deformation should be chosen, to avoid distortion due
to a hexadecapole component. THEEr nucleus is a good ) ) )
candidate since it has a large prolate deformation and a hex4n€reVo is the depthr, is the radius parameter, aads the
decapole deformation that is expected to be zero, or ve |f_“fu_seness of the nuclear potential. One method fpr Qeter-
small [15,16. The Bg vibrational mode in %8s is also  MiNing the parameters of the Woods-Saxon potential is the

weakly coupled compared to 38U target nucleus where procedure described in RdB], where the fusion cross sec-

this mode is significant. Additionally, it is desirable to choosetiondsr have bgen I'gﬁ;d Vt‘)’ith asingle barriebr pgnetrﬁtion
a reaction that involves a projectile nucleus with a highModel at energies=10% above the average barrier where

charge because the width of the barrier distribution is pro-there is no longer any significant barrier strength. The ratio-

portional t0Z,Z,, which produces a “magnification” of the nale behind this procedure is that at energies well above the
coupling effeétsz' average barrier the calculated cross sections are very sensi-

The reaction®S+ 1% is suitable based on the above V€ 10Bo but relatively insensitive to the channel couplings,

criteria. It was recently uséd 7,18 in a measurement of the thus enabling an estimate of the “bare” nuclear potential.

fusion cross sections, and the fusion barrier distribution, for W!i.h ':het a?r:/enthof pr?mse Tpsmn J([jz;l]t_a,heven th|§ small
input into transition state model calculations used to test fisS€NSIUVIYY 10 the channel coupliings at higher energies was

sion models at large angular momenta. In this paper, th easurabl_e, and was dealt with u_sually i_n one .Of t.WO ways.
fusion barrier distribution foP*S+ 1%y from Refs[17,18 n calculations that included couplings with excitation ener-

is analyzed to examine the role higher-order deformationd'®S smaller than the curvature of a single barfie, a

play in heavy-ion fusion. Details of the experiment and re-Small increase in the fusion barrier was made in order to
sults for the 34s+ 168y rﬁeasurement have been publishedretain the quality of the fit to the high-energy data obtained
[18]. In Sec. Il that follows, the sensitivity of thé?*S without the couplings. Where the excitation energies of states

+ 1% barrier distribution to the nuclear potential param-\as greater thar wo, they were not included explicitly in

eters is examined. Then the effects of deformation on théhel_calgulan??hs, ?ane"thesle statest or:_lylcon(;[r;]bute toa frfen(t)r-
barrier distribution are calculated in Sec. Il after checkingma'za lon ot the bar€” nuciear potentia’ and have no efiec

the adequacy of the approximate treatment of the excitatiofl” the shape of the barrier distributipto].

energies of states ifP%Er. In Sec. 1V, the effects of coupling i : the?e hh'ghﬁjr gylr;gksaa:]est tr):lre 'm;]ltuﬁ‘e?r mﬁth(;: ?\‘;"Vlicu'a'r
to the octupole vibration if®8Er, and states ifS is exam-  ons: Caré SNoUid be taken not be count their ENects Wwice, o

ined, followed by a discussion on the effects of transfer couVrong conclusions about the positio_n of average fusion k_Jar-

plings, and the conclusion in Sec. V. rier will be drawn. An exanjple of this prpblﬂe_m is shown in
Ref.[20] where the quoted “average barrier” is several MeV

above theameasuredaverage fusion barrier as determined by

their experimental fusion barrier distribution.

One uncertainty concerning the theoretical description of The fit to the high-energy fusion cross sections 68

heavy-ion fusion is the true form of the nuclear potential+ %%r is shown by the solid line in Fig. 2, where the quan-

6 Eq p. (103 mb MeV)
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II. NUCLEAR POTENTIAL PARAMETERS
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TABLE |. Parameters for the real nuclear potential f3iS wo T T T ]
+ 168 [see Eq(1)]. r FEEY S+ “PUEr
2 C SN —a=1.35 fm ]
V, (MeV) o (fm) a (fm) §3OO - *+++ + * Ca=0.65 fn]
392.5 0.80 1.35 200 F P * * 3
o~ L |
292.1 1.10 0.65 5 L a * ]
=100 F 4 + + 3
2 C * ]
tity oE. . has been plotted on a linear scale for clarity. The S 0 L s Wil ]
parameters for the nuclear potential obtained from this fit are r I 1]
given in the second row of Table I, noting that the diffuse- E | | L
. 3 . _100 1 1 1 1 1 1 1 1 1 1 1 1
ness obtained was=1.35 fm. The resulting average barrier 110 120 130 140
is Bo=123.1 MeV at a barrier radius &3=11.1 fm. The Eo.p. (MeV)
diffuseness from this fit is much larger than the results from _ _ o
fits to elastic scattering data in RdfL1], where the fitted FIG. 3. The measured fusion barrier distribution S

value for the diffuseness was found tode 0.63 fm. Large + 1881 [18]. Here the second derivative was evaluated with a step
values fora, in the rangea=0.84—1.35 fm, have also been 'ength AE.=3.33 MeV (solid circleg or AE.;,=6.66 MeV
required to fit data in recent measuremdift1,27 involv- _(sollo! squares Also shown are two C_:C calculations Whlch_ar(_a
ing a range of projectile-target combinations. In R&g] an identical except for the puclear pot(_antlal parameters, the solid line
alternative form for the nuclear potential was suggested as E?\Seu\l/tlsit:(;nj éhgscz;ﬁulggzntg(?de wigh=1.35 fm, and the dashed
possible explanation for the large valueseoflf the nuclear ' ' '

potential fell more rapidly with increasing values othan
the rate suggested by the Woods-Saxon form of &y. it
may be possible to match the potential at largequired to

fit the elastic scattering data, while retaining the fit to fusion
cross sections at the smaller valuesrobrobed by fusion

collisions. Having established that a smaller diffuseness parameter
A clue as to the actual value for the diffuseness of themade the agreement between the calculated and experimental
nuclear potential can be obtained from the slope of the fusiogxcitation function and barrier distribution worse, the effects
excitation function in the tunneling regime. That is, at ener-of deformation are examined in this section. Coupled-
gies below the lowest barrier, where coupling effects nochannels(CC) calculations were performed with the code
longer influence fusion. If the diffuseness obtained from fitSccpegen [25], which is based on a version of the code
to elastic scattering is appropriate for fusion, then the fusiorzcruLL described in Ref[26]. In ccDEGEN the effects of
excitation function will also have this Slope pI’OVided the deformation are calculated by Coup"ng to the ground-sta’[e
energy is sufficiently below the lowest barrier. If the fusion rgtational band of the deformed target nucleus, using the
excitation function falls more rapidly with energy than a cal- ho-Coriolis approximationi27,28 with the excitation ener-
culation with a=0.63 fm, this means fusion takes place gjes of the states in the ground-state band taken to be zero.
through a wider barriefless penetrability implying a larger  The no-Coriolis approximation has been shown to be ad-
value fora. In the present case, it is difficult to determine theequate for reactions involving heavy iofl,29. These ap-
Slope of the fusion excitation function because of the |argq)roximations enable the CC equations to be decoup|ed1 and
width of the 'S+ *°%Er barrier distribution, resulting from  the resulting eigenchannel equations, which correspond to
the target nucleus deformation, and the possible influence gfision of the(inert) projectile and deformed target nucleus
positive Q value transfers. However, other experiments haveyhgose symmetry axis is orientated at an arjleith respect
recently being performef23], using reactions that have a to the beam axis, are solvgd4] to obtain the tunneling

suitably narrow barrier distribution, and preliminary analysisprobability P;(E, ., 6) for each partial wavé#. The fusion
of this data does Support a value farsigniﬁcantly |arger Cross section is lth.en calculated using

than the elastic scattering results.

A calculation was performed to demonstrate the effect of .
using a diffuseness smaller than the fusion data require. A o(Ecm)=mA 2 (2J+1)P;5(Ecm), v
value ofa=0.65 fm was chosen, which overestimates the
measured cross sections at high ener¢ges the dashed line whereP,(E,,) is the total tunneling probability for each
in Fig. 2). The nuclear potential parameters for this calcula-averaged over all orientations, and is given by
tion are given in the third row of Table |. The potential pa-
rameters were chosen to keep the fusion barrier unchanged at 1(m .
Bp=123.1 MeV, which meant theRg was increased from Py(Eem)= Efo Py(Eem.,0)sin6do. ©)
11.1 to 12.0 fm to compensate. The fusion barrier distribu-
tion resulting from a calculation witta=0.65 fm and a Equation(3) is exact for the classical situation, where the
qguadrupole deformation q¥£=0.338[24] only is shown by number of(degeneratestates in the rotor tends to infinity
the dashed line in Fig. 3. The barrier distribution from this[30]. In actual rotational nuclei, the number of states is finite,

calculation also leads to a deterioration in the agreement with
measured barrier distribution.

Ill. EFFECTS OF DEFORMATION ONLY
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and the integral in E¢(3) is evaluated up to some maximum 400 '
(a) g 4 1685,

value of spinl . (Where all spins are ever30]. This is
done using am-point Gaussian integration formula, where
n/2= (I haxt 2). For the calculations described in this work,
for systems other thaff'S+ ®%r [see Figs. &) and 1d)], a 200
total of five states up to the 8state were included, which
corresponds to a coupled-channels calculation with five
channels. Including states with spins higher than thes&te

(mb/MeV)

N —E"=0 MeV
st + + - .finite E¥

d2(E6) /dR2
=
o
[an]
TT T T [T T T T[T T T T [ TTTT 7T
o
&
— -
-
A—.—
v

coupling potential. The difference between the two calcula-
tions is small which can be attributed to the large deforma-
tion, or equivalently the low energy of the first excited state
in 18%r, although the agreement is not perfg&t]. Having
shown numerically that the zero excitation energy approxi- -100
mation in CCDEGENis a good approximation to better than

the accuracy of the data, it was used in all the fusion calcu-

lations that follow to test the effects of various deformation g5 4 (a) Test of the zero excitation energy approximation

parameters. _ ~ used in the CC codecpeGeN (solid line) compared with an exact
(1) Quadrupole deformatioThe shape of the barrier dis- ¢ajculation(dashed ling See text for details(b) Barrier distribu-

tribution that results from consideration of the quadrupolée;jgns showing the effects of including th@] deformation in addi-
deformation only[solid line in Fig. 4a) with 8;=0.338  tion to 81. The solid line is axcpecENcalculation withd] =0, the
cannot account fully for the shape of the measured barriedashed line with3} = +0.01, and the dot-dashed wigy,= —0.01.
distribution. Although the area under the calculatiovhen  (c) Effects of the hexacontatetrapole deformation on the barrier dis-
a=1.35 fm) matches to within 2—4 % the area under thetribution. Shown areccpecen calculations with 33=0.338 and
measured barrier distributidnthe latter peaks at a lower Bi=0 (dashed ling 8;=0.338 andgs=+0.025(solid line), and
energy than the theoretical curve and has a more “trianguB;=0.338 and3¢ = —0.025(dot-dashed line Note thatg; is zero

lar” shape. Varying the magnitude @, does not improve in each of the calculations shown in parte).

the agreement.

(2) Hexadecapole deformatiorithough the hexadeca- (dot-dashed ling These two values fo8] span the range of
pole deformation for'®Er is expected to be very small, a jikely values for 1%, as determined in Ref32] where a
calculation was performed to ascertain the mfluerjce' of f[h'$/alue of 1= —0.007 was estimated. Of the resulting range
degree-of-freedom on the shape of the barrier distributiongy shapes shown in Fig.(d), none lead to a significant im-
The results of two CC calculations are shown by the bmke'brovement in the agreement with the data.
lines in Fig. 4b), one with 8;=0.338 andg;=+0.01 (3) Hexacontatetrapole deformatioince the effect of
(dashed lingand the other with3;=0.338 andB;=—0.01  the hexadecapole deformation for tHSEr nucleus is small,

what then is the effect of the hexacontatetrapqﬂé)(degree
of freedom on fusion? Guidance as to the magnitude and
The range depends upon the limits taken for evaluation of th&ign of the§ deformation comes from theory. The ground-
integral. state shapes for a large number of nuclei have been calcu-

did not make an appreciable difference to the calculated fu- 0
sion cross section. For th¥S+ %8Er calculations, six states, - I .
up to the 10 state, were needed to evaluate the integral to e+
the desired accuracy. 0 34g , 1685,
To test the zero excitation energy approximation used in = a —0.338 ]
these calculations, a comparison was made with a calculation &30 4t 7 &B%O 0 3
which takes into account the finite excitation energies of the 2 °F $* 4 ----B£=+6.01 .
rotational states. The calculation shown by the dashed line in 200 | o ’ + * ——pj=-0.01 7
Fig. 4@ was made with the CC codecFuLL [26], which B C Al * ]
included coupling to all orders in the deformation parameter =100 A .
for the nuclear coupling potential, with the energy of the first =2 . 0+ .
2% in %r at 79.8 keV. The excitation energies of higher T L -
members of the rotational band were calculated according to r I ]
the usual formula for a rotating rigid body. The solid line in PSR TP ST . S W
Fig. 4(a) is the barrier distribution from theCDEGEN calcu- 400 = () o Mgy 168g ]
lation, using the geometric description of £8). The param- = a /,;\ 7-0.53 ]
eters for the nuclear potential were identical in these two £300F $f \;\ LBT=+0 025
calculations(see the second row of Tablg Both calcula- g °F ) ____Bngzo,d ]
tions were made witf8}=0.338[24] and included coupling 200 7N ’_-/’// * + —-—B3=-0.0257
to all orders in the deformation parameter for the nuclear a | A * .

d2(E6) /dE2
=
o
[an]

; il

110 120 130 140
Bom. (MeV)

[
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TABLE II. Summary of theB;, B, and 5 deformation pa-  interaction, the hexacontatetrapole term ¥fEr is 3.6 times

rameters for nuclei as indicated. larger than its hexadecapole term, compared®¥d case

- - T where the hexacontatetrapole term is 3.4 tirsesller than
Nucleus B2 Ba Bs its hexadecapole term. So if tH8O+ 223U barrier distribu-
1685, +0.338[24] —0007[32]  —0.025[32] tion is sensitive to the presence of tagin 2%, then it may
1545 +0.28[6] +0.05[6] —0.005[32] not be unexpected that the barrier distribution S
239 10275 1005 ~0.015[32] + 1%%r is sensitive to thgd deformation in*%r,

Although using the magnitude f(ﬂg from Moller’s esti-
mate produced a good description of the measured barrier
lated by Madler, Nix, Myers, and Swiatecki using a global distribution, the sign had to be inverted in order to achieve
macroscopic-microscopic moddB2]. They calculated a this agreement. In Ref14], a similar problem arose, where
value of B{=—0.025 for *%%r [32], which is a factor 3.5 the sign forg} was also found to be opposite to theoretical
times larger than th(;‘BI estimate for the same nucleus. A predictions, aftefits to the experimental barrier distributions
CCDEGEN calculation with 3= —0.025, in addition to the for **0+ ?*U and *°0+ **Sm were performed. An attempt
quadrupole deformationd}=0.338), is shown by the dot- Was made to address this sign problem by refitting the barrier

T . istributi TR " T T T
dashed line in Fig. @). The B deformation does have a distributions with, in addition to th@,, S,, andSg terms,
significant effect on the shape of the barrier distribution,COUPIing to the octupole vibration of*®U and ***Sm. This
leading to more peaked shapes at each end of the barrig@lculation then matched the theoretically predicted sign for
distribution. However, the inclusion of the negative hexacon-3s but, as discussed above, unphysically small valuegfor
tatetrapole term worsens the agreement with the data.  [14] were obtained. In the case dfS+ '*%r, it was not

Another calculation was performed but this time with the possible to explain its sign problem by coupling to the 3
opposite sign for theg] deformation. This calculation, with  state in*®%Er, because this state couples so wedkbe Sec.
B3=0.338 andBi = +0.025, is represented by the solid line IV below). o o
in Fig. 4(c). The inclusion of theB] term with a positive To qheck thgt the positive sign required is not due. to
instead of negative sign now improves the agreement witfiruncation of higher-order terms in the Coulomb coupling

the measured barrier distribution, although all its features ar@q“aﬂ?r‘é another calculation was performed which included
still not completely reproduced. the (B,)° terms of the Coulomb interaction. It was found

In the recent work of Ref.14], Ruminet al. investigated that these terms had a very minor effect on the calculated

the influence of thed! deformation on fusion for thé®o  barrier distribution for *S+ %%r, corresponding to a
induced reactions of®‘sm. 188\ and 238U. In that work  change by a “linewidth” in the shape of the barrier distribu-
the authors concluded that tfiiés to the measured barrier tion, and could not explain why a positive sign f6f was
distributions were improved by inclusion of the] terms, ~needed. o

but in doing so obtained unphysically sma} values for Whether or not the measured barrier distribution 68

16 : : o
these actinides, contrary to their known hexadecapole deforlj-LGBEBEr can determine the sign of thes deformation in
mations. It would be reasonable to conclude that the pres- =/ fémains an open question. The macroscopic-

ence of the,b’g term compensates for the large reduction inmicro_scopic calculat.ions. of Meer et al. [32] predi.Ct strong
the B} values. A contrasting approach is taken in this Work,negatlveﬁ(a deformation in theN~100, Z~60 region, how-

) . T T 16 ever, it is worth noting the comment in Rdf32] that the
where the "known” values of; and ; for *%r are u.sed behavior of hexacontatetrapole deformation across the chart
rather than allowed to vary as free parameters in a fit to th

S : : _ Bf the nuclides is less regular than that of the lower order,
barrier distribution. The basis for this approach is thatghe even (8,,,) multipole distortions.

value has been dethermlned experimentf4], and the the- Since the size of the deformation parameters extracted
oretical basis fop3, being close to zero is well established, from the measured barrier distributions can depend upon the
since Er is midpoint the region @ where; changes from  presence or absence of weaker couplifis the effects of

a positive valu¢Sm and Gd, for exampldo a negative one  these channels are investigated in the next section.

(Yb and Hf [15,16].

An advantage the present study has over the analysis of
Ruminet al.[14] is that theg, for *%%Er nucleus is approxi-
mately seven times smaller than tjgg for the >Sm and In this section, coupling to channels other than the rota-
238 nuclei (see Table I, implying there is very little influ-  tional coupling is considered, starting with the octupole vi-
ence of the hexadecapole deformation on the shape of tHeration in °%r. The dashed line in Fig.(8) is a CCDEGEN
barrier distribution for34S+ 188r. In addition, the estimated calculation with33=0.338, B¢= +0.025, and with the first
[32] magnitude for thed§ value for *%%r is around 1.5 times 3~ state in'®%Er. The energy for this state is 1431 keV and
the estimate fo*® and 5 times thes;, for 1%Sm, increas- the coupling strength was taken to |5 =0.064, obtained
ing the possibility that fusion barrier distribution might be from the measure®(E3) | value [33] with a radius for
sensitive to the effects of this deformation parameter. Whert®®r taken as 1.08Y° fm [6]. The barrier distribution with
the deformation parameters for each nucleus are placed inthe octupole coupling is only slightly different to the calcu-
the multipole expansion of the nuclear part of the couplinglation without it [solid line in Fig. 5a)] implying that this

IV. COUPLING TO WEAKER CHANNELS
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400 FT v v v v 1 1 1T 1t 1 [ T T 1 T T 4 FT v r r r [ 1 T 1t 1 [ T T 1 T T ]
C 34 168p.,. C ke 1
- (a) S+ "%%Er 3 700 |- o 34g 4 168g,
= L T ol . = = F 4
E’ 300 Bz,ﬁﬁdefom_latlon__ E’ r b deformation only’]
3 C 20 3 ] 8 500 = ! Vo 34g 2t onl 3
f“:i L ----plus 3} ] g - ; ! Y 7
200 - in 1685, C | \ ]
o~ L ] o~ L ; i
B8 7 8 300 |- v .
=100 |- . = r ]
o : + + - b i :
=3 C ] = C ]
Iy | + ] 5 100 | .
a T v E =
400]::::|::::}::::}I —1001_lO o - Illzlo_
o 3 4 1685, 7
R : (b) S+ *7%Er ] Eo . (MeV)
% 300 [ B3 ,BE deformation]
< C —— 1-phonon ] FIG. 6. Comparison of the barrier distribution that results from
2 C ---- 2-phonon ] coupling to the first 2 state in3*S only (dashed ling and target
200 Mg . S
(\% C 1 deformation only(solid line).
% 100 £ 3 only. The single-phonon excitation in the target produces a
& L . second peak in the barrier distribution centered around 133
©0F R T — MeV, but the uncertainty od?(E¢ o)/d Eﬁ_m_ is too large to
F W T } P identify such a feature.
B LT EE— Coupling to the first excited state #{S has a small effect
110 120 130 140 .
E (MeV) because the strong coupling froff%r produces a very
c.m.

broad barrier distribution. This means that the overall change

FIG. 5. (a) The effect on the barrier distribution when thg 3 in the shape of the barrier distribution is small, even though
state in 18y is taken into accountdashed ling with g]=0.338  Projectile coupling by itself produces a significant feature.
and %= +0.025. Also shown is the same calculation without the This can be seen in Fig. 6, where a calculation with projectile
3, state(solid ling). (b) Barrier distributions for two calculations coupling only is compared to a calculation which considers
with B} and B¢ deformation plus coupling to the;2state in®/S  the target deformation only.
(solid ling) and, in addition, coupling to the two-phonon statés Two other calculations were performed, again wjigh
(dashed ling =0.338 andB4= +0.025 for °%r. The first included cou-

_ _ _ pling to the 3 state in %S at an excitation energy of 4.62

state does not play a major role in the coupling scheme. Thigjev and 8E = 0.388[33]. Coupling to this state only shifted
is expected since the coupling strength for the octupole staie parrier distribution in energy, leaving its shape largely
is very weak. Similarly, coupling to higher lying states, for ynchanged, as expected for a state which has such a large
example,y and 3 vibrations, should have very little influ-  excitation energy21,35. In the other calculation, inclusion
ence on the balrg|er _d|str|but|on, as shown to be the case i e 2 state in®S andg}=0.338 andgl=—0.025 for
Il?sef. [141]8 for Ozglnduced reactions on the deformed 168 the theoretically predicted sign for the hexacontatetra-

‘Sm, GW and U targets. The effects of coupling t0 e deformation, produced a barrier distribution that in no
more exotic modes of eX_C|tat|c{r$4],_ such doubled vibra- way resembled the measured shépaiculation not shown
tions (two-phonon collective excitationshave not been ex- No reasonable combination of coupling to states in the pro-
amined. jectile and the predicted value fgq in *5%r could be found

. . 4 . . .
_ (43)4Coupllng to states i*S Up to this point in the analy- reproduce the desired shape of the measured barrier dis-
sis, *“S has been treated as inert in the calculations. HOWibution.

ever, low lying states irt*S will contribute to the channel (5) Coupling to transfer channelOther weaker cou-
coupling, and the size of their influence should be calculatedp”ngs not yet taken into account include transfer channels.
The barrier distribution shown by the solid line in Figbpis 1 effectiveQ values, that is after taking into account the
a calculation which includeg) and 8§ deformation in the change irz,Z, of the transfer productsvhere relevant for
target, plus coupling to the;2state in'S, whose energy is various transfer channels are shown in Table IIl. Most of
2.127 MeV with a coupling strength 0B5=0.25. Also  these transfer channels have a negative effecivealue,
shown by the dashed line in Fig(th is the effect of cou- and the effect of their inclusion in a CC calculation would be
pling to the two-phonon excitation in the projectilenly the  to produce barriers with energies greater than the average
[2, ®2; ] two-phonon state was included3oth these cal- fusion barrier[36]. However, in the presence of the strong
culations have been shifted up in energy by 1.0 MeV tocollective couplings in'®Er, the influence of the negative
account for the adiabaticity of the projectile coupling effectiveQ value transfers on the shape of the barrier distri-
[21,35. Coupling to the first excited state in the projectile bution is likely to be smal[6], as was seen with the inclu-
does not dramatically alter the shape of the barrier distribusion of the inelastic excitations i#'S in Sec. IV 4. With the
tion from the calculation which includes target excitationsCC code used in this analysis it was not possible to calculate
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TABLE Ill. Summary of the effectivé valuesQey, for various  transfer coupling strength is reduced dg=0.1 MeV. An

transfer channels for the reactiofs+ **%r. increase in the transfer strength parameter resulted in an in-
crease in the width of the barrier distribution, producing a

Transfer products Channel Qerr (MeV) distribution wider than the experimental one. A calculation

35g, 167, n pickup _0.79 with 2n pickup channel and the theoretically predicted sign

for B¢ resulted in barrier distribution that was even more

33 16! . .
o tomis oy e peaked than that shown by the dot-dashed line in Fig. 4
33p | 1697, b stripping +0.74 Neither of these calculations are shown. o
36|+ 1660 d picku _6'2 As found in Sec. IV 4, no reasonable combination of
22y 1707 pickup : weak cpuplmg, in this case thepzlransfer channgl, and the
ot 166Em d stripping —2.8 theoretically predicted sign fgB{ (i.e., negative signcould
325+ o 2 pickup +2.7 mimic the shape of the barrier distribution obtained for a
S+ 2n stripping —638 positive value of 8%. It seems unlikely that coupling to

known additional transfer channels could change the shape
34q 16 iar distributi T

correctly the effects of all the above transfer channels. How%fsgtge d St BdEtrhbarner d'Stt”]P Ut;?]n :)O th_e edxt(ingtrtx_ée mh

ever, a calculation was performed including the gickup r does and thus account for the barrier distribution shape

. . . . T .
channel, since the macroscopic form factor assumed for thi/ithout resorting to the inclusion g8g in the CC calcula-

pair transfer is likely to be close to the results from a micro-tions.

E(S:?npéctrt]ree?(t)rprﬁiggt](.)?oupllng to the pair transfer was made V. SUMMARY AND CONCLUSION

dV(R.0) Detailed coupled-channels calculations have been per-

Eo (RO =—og (148t BTY, + BTY ' formed in an a.ttem'pt Fo qescnbe the shape of the recently
var( R, 0) == 0(1+ B2Y a0t BaYao+ Be Yoo —gp— measured barrier distributidri7,18 for the 3*S+ 6% re-

(4)  action. The®®r nucleus was chosen to investigate the dis-

) ) ) agreement between theory and measurement at energies 1 or
whereR is the radius of the deformed target nucle@iss the 5" Mev below the average barrier observed in a range of

orientation angle of the deformedxially symmetrig target  yeactions on deformed target nuclei. Sifé&r has a very
nucleus, andr), are the spherical harmonics. In B4), ot gma| hexadecapole deformation, and because fhetdte in
IS t_lr_]ﬁ transfler strenﬂth patr)amr(]ate(;. hed line in Fia. 7 whi h158Er couples very weakly, it was expected that the presence
. eresu ts are ST own Ty the das ed ine in T 9. £ WNICNf the quadrupole deformation alone would allow for a strin-
in addition to theB, and 84 deformation, with3,=0.338 gent test of the fusion model

T i i ) . S
and B = +0.025, includes coupling to thenZransfer chan- The calculated shape of the barrier distribution from a
nel with Q=+2.7 MeV ando=0.2 MeV, the latter based coupled channels calculation which included the quadrupole
on previous estimates of the pair transfer coupling strengtlieformation only, failed to match the experimentds
[7,37]. The effect of the positivQ 2n pickup channel is to 1 1% parrier distribution. Agreement with the experiment
redistribute some barrier strength in the barrier distribution,yas improved significantly when the hexacontatetrapole de-
although the overall shape of the barrier distribution is Notsrmation was included, witrﬂ: +0.025. However, this

changed significantly. For comparison, the dot-dashed line i'i}alue for ,32 has a sign opposite to that predicted in the
Fig. 7 shows the effect on the barrier distribution when themacroscopic-microscopic model of Mer et al.[32]

N — When the theoretically predicted value fﬁg was used,

400

- 34g 4 1685, this resulted in a double-peaked barrier distribution in con-
= r 87,8 dotomation trast W|_th the dat_a. l\_lo combination of coupling to low-lying
300 ' 2 tranater] states in the projectile and/or the 2ransfer channel, when
g . 7N - 0g-0.2 wev] using the theoretically predicted value fﬁg, could repro-

L 20F ...;/,'/ + * \ —— 6y=0.1 MeV] duce the shape of the experimental barrier distribution. The
B - iy * A ] best reproduction was obtained with a positive valueﬁ‘g)r
gl 2 \¢ 3 It was argued that if such higher-order deformations were to
& EA | it ] be visible in the fusion barrier distribution, then tH&Er
© 0 S ] nucleus is likely to be one of the best candidates to observe
E T P their presence, since it has a very small hexadecapole defor-
S0 e e L L mation.
110 120Ec . (MeVl)30 140 Within the framework of current fusion models, the fusion

barrier distribution for®*S+ %r apparently defines theg

FIG. 7. Barrier distributions withs]=0.338 andg]=+0.025  deformation of'**r as positive, in contrast with theoretical
and the 2 pickup transfer channel witlr,=0.2 MeV (dashed predictions. Further theoretical investigations are warranted,
line), o;=0.1 MeV (dot-dashed ling and without the transfer Which could also examine the possible influence on fusion
channel(solid ling). Note that none of the barrier distributions in of other higher-order deformations not considered in this
this figure have been shifted in energy. analysis.
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