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Experimental barrier distributions for the fusion of 12C, %0, 2Sj, and 3°Cl with %2zr
and coupled-channels analyses
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Precise excitation functions for the fusion B, 0, 25Si, and*>Cl on %2Zr were measured for bombard-
ing energies spanning the Coulomb barrier regions. Experimental fusion barrier distributions were derived
from these data and compared with the results of realistic coupled-channels calculations, which included
couplings to all orders and treated excitation energies correctly. To gain reasonable agreement for the heavier
projectiles it was necessary to include double-phonon excitations of the firand 3~ vibrational states in
927r. The diffuseness parameter required to fit the high-energy cross sections increases with increasing charge
of the projectile and, as found in earlier work, is higher than that required to fit elastic-scattering data. It is
suggested that a potential which falls more rapidly at large distance than the Woods-Saxon form might help
explain the anomaly.
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[. INTRODUCTION of fusion cross sections at closely spaced and precisely de-
fined energy intervals. Such measurements were pioneered
It used to be believed that the fusion of two nuclei couldby Leighet al.[8—12] and, since then, have been carried out

be described completely by the quantum mechanical penetr®Y & number of group§4]. The measured barrier distribu-
tion of a simple one-dimensional potential barrier. This treatlONS areé sensitive to the structure of target and projectile
ment is indeed appropriate for the fusion of light nuclei with nuclei. They also have an advantage in that it is much easier

oo to see the detailed effects of the couplings in the barrier
the charge produdt,Z, for the projectile and target less than distribution than in an exponentially changing fusion excita-

about 200. However for systems with larger charge productgo, function though, of course, the same information is car-
this treatment is not adequate. Simple theoretical prescriried in both.

tions were developed which implicitlyl] or directly[2] in- To interpret the meaning of an experimental barrier distri-
troduced a distribution of barrier heights. Stokstddl.[3]  bution requires comparison with a barrier distribution de-
were the first to show experimentally that subbarrier fusiorrived from a coupled-channel&CC) calculation. Until re-
cross sections,s, much larger than expected on the basiscently such comparisons were made with simplified codes
of the simple one-dimensional picture, could be related tuch asccrFus[13] and its derivatives such axmop [14].
specific nuclear structure effects. It is now realiféfithat  However, the precision of the data showed that the approxi-
such enhancement of subbarrier fusion cross sections arisfAtons inherent in these codes were not adequate, and this
from coupling between the elastic channel and intrinsic de; as led to the use of more exact CC codes suchcmsLL

[15]. This treats the excitation energies of the coupled states

grees of freedom of the target and projectile. Important deZ:orrectly, and avoids the use of the linear coupling approxi-

grees of freedom are those corresponding to nuclear defogation, “whereby only the first term in the nuclear coupling
mation and vibration and particle transfer. When thesgyotential expanded in terms of the deformation parameter is
couplings are taken into account in the eigenchannel modehcluded. It has been shown6-19 that it is necessary to
[5,6], the simple one-dimensional barrier can be thought ofnclude higher-order terms in this expansion when the cou-
as splitting into a distribution of discrete barriers. These barpling, which is approximately proportional #,Z,, is large.
riers are distributed in energy about the average barrier, with  Although our understanding of barrier distributions has
a weight which represents the probability of encounteringncreased greatly over recent years, there is still much that is
that barrier. This splitting drastically modifies the probability not well understood. Systematic studies are usually more in-
for fusion and leads to an enhancement of the subbarrieformative than those for individual cases, since it is likely
fusion cross sections over those predicted by a single-barrighat more can be learned by making comparisons between
model. reactions that involve a common projectile or target. Thus
It was demonstrated by Rowlest al. [7] that a represen-  the measurements described in this work were undertaken in
tation of the distribution of barriers could be obtained byorder to see whether it would be possible to derive reason-
taking the second derivative of the produUgtons @S @  ably consistent fits to the barrier distributions for a sequence
function of center-of-mass energ¥. . The quantity of progressively heavier projectiles bombarding the same tar-
d?(Ecmomg/dEZ,, will be referred to as the barrier distri- get nucleus. The target nucleus chosen W& and the
bution. Its measurement requires very precise determinatioprojectile nuclei were'“C, %0, 28Si, and *°Cl. The experi-
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TABLE I. The beam-energy rangémclusive) and energy steps target, into a compact velocity filtgil2,22. This enabled
for the four fusion reactions initiated by the given projectiles on separation of the evaporation resid(B&s from the intense

%zr. elastically scattered beam patrticles, which were subsequently
prevented from entering a detector positioned downstream
Projectile Energy range Energy stéleV) by a movable tantalum finger. The ERs were detected first in
12¢ 31.0-44.0 1.0 a position-sensitive multiwire proportional count&WPpPC),
46.0-50.0 20 located behind_the ve!ocity filter and 600 mm from th.e tar-
160 44.0-50.0 05 get, and then in a thicker gas detector located behmd .the
51.0-56.0 10 MWPC The rear detector gave better energy an'd' timing
58.0-80.0 20 defl_n_ltlon than did the_ MWPC_. The _ERs were identified by
28 86 '0_107' 0 1'0 position, energy, and time of flight with respect to the pulsed
: : : beam. For larger angles, where elastic scattering was less
35| 107135;)21 0 10 in}ense and thg ER yields small, th.e ERs were de_tected ina
LT Les : Si surface-barrier detect¢SBD), which had approximately
123.0-127.0 2.0 ten times the solid angle of the velocity filter, positioned at a
131.0-135.0 4.0 precisely determined anglgypically —20°) relative to it.

Here they were identified by total energy and time of flight.
. o . For the excitation functions, measurements were taken with
mental barrier distributions for the different systems were o A . ;
. . , S the velocity filter at+2° to the beam direction. For angular
compared with calculations made with the realistic CC code,. . .~ . o . .
CCRULL distributions the velocity filter was typically moved in an
A coupled-channels description of fusion requires a num%ngﬁlzrnrir;greci)sgrn;'ggo::rg'jqt50 2t§°+ 127, corresponding

ber of inputs. These include the real nucleus-nucleus poteﬁ— The EQI]? ields Wer% normalized b' monitoring elasticall
tial parameters and the coupling strengths and excitation en- y y 9 y

ergies of the important excited states. There is considerab%cattereOI beam particles in two Si SBDs located at 30° sym-

uncertainty regarding the potential parameters. A Ccmvenr_netrlcally about the beam direction. The elastic scattering

tional Woods-SaxorfWS) potential shape has usually been was assumed to_be pure Rutherford to denveothg absolute

used, as in this work. However, there is no good reason wh SIon Cross sectlons._ A small increase OfZSBOAJ in the

this should be the correct shape for heavy-ion interaction ross section at the highest energy for ﬂ%@f L;]_(fjfucetq reacf:f— "

[19]. More reasonable shapes might be those of the proximi'_?‘r.‘ was negesstargfas a conStta'qulenced OI II rellctlpn etiects.

ity potential[20] or the folding potentia21], the latter being IS was estimated from an optical-mo S cajcutation, using
potential parameters derived from the-+°Zr elastic scat-

bett imated by a WS- d potential than by th \ .
onor approximated by a sguared potentia’ than by tering[23]. Measurements for th¥0 induced reaction were

WS itself. However, it is still not clear whether these give a i _ .
good representation of the potential between two heavy iond@ken at energies much higher above the average barrier than

Use of the WS potential may be responsible for the know or the other cases, and diffraction effects became significant
discrepancy12] between the much larger diffuseness param-i 30°. For this reason the meqsurements; By
eters determined from fusion cross sections above the barrief + M%V were made ‘I’V'th th% monitors at 10 4 The .
region and those determined from elastic scattering, whicfonitor detectors were also used to measure and correct for

probes larger separation distances than does fusion. It is al§§9ht changes in the angle of entry of the beam into the
possible that this discrepancy might arise from an energ cattering chamber, and to calibrate the angle of the ER de-

dependence of the “bare” potential, from neglect of other€Ctor:
couplings[4], or angular momentum effects. Later in this
work, the possibility that the discrepancy can be explained

by potentials, which decrease more rapidly with separation o
distance than the WS, is explored. Full angular distributions were measured at a number of

energies within the excitation functions for each reaction.
The procedure for extracting the total fusion cross sections
from the full angular distributions and the differential cross
The heavy ions, accelerated by the ANU 14UD Pelletronsections at 2°, as well as a more detailed discussion of the
accelerator, were pulsed to providel ns wide beam bursts experimental method, are outlined in REf2]. One minor
every 530 ns. The beam energy ranges and energy steps ugdifference for these rather light systems was that the angular
are given in Table I. The absolute beam energies were delistributions were not so well fitted by two Gaussian func-
fined with an accuracy of-0.06% and the relative beam tions, as previously usefll2] for 60+ 14414815%6m and
energies to better than a few k¢¥2]. The zirconium targets  *¥%W. A much better fit was achieved if the wider Gaussian,
were made by sputtering from a pellet of ZrQsotopically  which is mainly a consequence afemission, was replaced
enriched to 99.7% irP?Zr, using an argon saddle-field ion by a flat region, from 0° up to a certain angle, followed by a
source. The%Zr targets were~40 ugcm 2 in thickness half Gaussian function. An example of such a fit to the data
and deposited on carbon backings~e20 wgcm 2. is shown in Fig. 1a). That such a distribution should be a
The products from these reactions passed through a 1lsetter fit was confirmed by calculations with the statistical
mm diameter aperture, located 200 mm from the zirconiunmodel coderAce2 [24]. An example of such a fit to simu-

A. ER angular distributions

Il. EXPERIMENTAL PROCEDURE
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10° grrr IS radial separation of the two nuclei at the position of the av-
E @ 7 erage fusion barrier. The uncertainty in the second derivative
10t B ] é¢ is given by
C ] E,
103 3 E Oc~ —2\/(50'n+1)2+4(60'n)2+(50'n—1)2a (2
E A e 3 (AEc.m)
10° 3 \\ E where do; are the errors in the fusion cross sections. Hence
o i \ ] the error ond?(E, o1, /dE2 ,, is proportional to the abso-
é 10t 3 \ E lute errors in the fusion cross sections, and inversely propor-
= E | ] tional to the square oAE. .. At higher energies, where
D 100 L cross sections are large, practical considerations Winfto
g (b) to a constant value. Hencé&r; becomes proportional to;;
4 ® ] and thusé. becomes proportional t@, which increases with
10 energy. The errors can be significantly reduced by increasing
C ] AE.,,, but this is at the expense of smoothing the barrier
103 3 E distribution. Since the barriers themselves are smoothed by
Eé o the effects of quantum mechanical tunneling, giving full
102 £ 122 s 4 widths at half maximum typically of 2—3 MeV, any addi-
E E tional smoothing caused by the step length is not a problem
17 ] provided thatAE. ,, does not greatly exceed 2 MeV. The
10 3 N 3 same procedure was used in deriving barrier distributions
r ' A from theoretical calculations, so that a consistent comparison
107 mdannonnlinnb b could be made between experiment and theory.

0 5 10 15 20 25'30 35

01,y (deg)
IIl. EXPERIMENTAL RESULTS AND ANALYSIS

FIG. 1. ER angular distributions for’C+%zr at Egp,

=44.15 MeV.(a) Experimental points fitted with the single Gauss- . in Table Il Th h for th .
ian plus flat region and half Gaussidfull line) components are are given in Table ll. The errors shown for the cross sections

shown by the dashed linegb) Calculated with thepace2 code &€ dug t(_) statistical u_npertainties 9_n|y. For these light sys-
(black points and for thea2n evaporation channel onffppen tri-  t€Ms, fission has negligible probability and hence the cross

angles, fitted with two Gaussian&lash-dot-dotted curyeand with ~ Section for fusion is expected to be equal to that for the ERs.
the single narrow Gaussian plus a flat region followed by a halfThe fusion excitation functions and corresponding deduced

Gaussiar(solid line). The latter gives the better description of the barrier distributions for the four reactions are shown in Figs.
angular distribution and its individual components are shown by the2—5. Preliminary information on thé®Si induced reaction
dashed lines. was given in Ref[25]. The data are compared with the re-
sults of calculations with the simplified coupled-channels
codeccmob. The high-energy cross sections well above the
) L . .average barrier should be relatively insensitive to the cou-
compareq with a two Gaussian f'.t' U;e of the improved fit lings. Hence, these were fitted using the Wong prescription
resulted in about a 1.5% reduction in deduced total cros f a single barrief26], including thel dependence of the
section over that with the two Gaussian fit. However, they, rier nosition and ignoring deformation effef2s], to ob-
effect on the barrier distributions was negligible. tain the potential parameters required €@MoD.

The nuclear potential was taken to be Woods-Saxon in
B. Extraction of the experimental barrier distribution form with

The measured fusion cross sections for the four reactions

lated data fronPACE2is shown in Fig. 1b), where it is also

The barrier distribution was extracted from the experi-
mental data according to a point-difference formuld]. For
the simple case of equal energy stepg.,,, the second
derivative ofE; o1, at the c.m. energ¥, can be deter-

Va(r)=—Vo/{1+exf (r—roAr>—roA¥3/al}, (3

whereV is the depthr is the radius parameter, aads the
diffuseness of the nuclear potential. The potential parameters

mined from obtained from the single-barrier fit to the high-energy data
d2(E E —2(E +(E - after fixing ro to 0.80 fm are given in 'I_'ab!e II_I. The fusion
( C'mz'af“S) _ (ETnusn1=2( UfUS); (Eatugn = cross sections and fusion barrier distributions from the
dE (AEcm) W single-barrier fit are shown by the dashed lines in Figs. 2—5.
1
IV. SIMPLIFIED CC CALCULATIONS
For the single-barrier casd?(E, ,o,0)/d Eﬁ_m_ is related to With the above potential parameters, an initial set of cal-

the barrier distribution by a factorR2, whereRg is the  culations was performed with the simplified coupled-
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TABLE Il. Fusion cross sectionsy,s, and their statistical erroro at energie€, ,,, for the indicated reactions. Energies where full
angular distributions were measured are marked with an asterisk.

Ecm. (MeV) Otus (mb) do (mb) Ecm. (MeV) Otus (mb) 8o (mb)
2C + 927r 64.64 1022 7
66.34 1071 7
28.20 0.19 0.1 *68.05 1110 8
29.09 1.45 0.2 69.76 1159 8
29.98 2.91 0.2
30.86 13.2 0.5 285 + 927r
31.75 38.6 1.1
*32.63 83.6 1.2 65.40 0.96 0.2
33.52 136 3 66.16 1.73 0.2
34.40 197 2 66.93 4.49 0.3
35.30 253 3 67.70 7.21 0.5
36.18 308 3 68.46 14.0 0.4
37.07 366 3 *69.23 23.6 0.6
*37.95 421 3 70.00 38.8 0.6
38.83 476 4 70.76 54.2 1.5
40.60 570 5 71.58 77.8 0.9
42.38 664 5 *72.30 94.9 1.3
*44.15 731 9 73.19 125 1
73.83 141 1
0 + 927y 74.60 170 2
75.36 197 2
37.35 0.23 0.07 *76.13 216 2
37.77 0.62 0.09 76.90 252 2
38.20 0.79 0.1 78.43 302 2
38.62 2.22 0.1 79.20 335 3
39.05 2.41 0.2 *79.96 365 3
39.47 4.62 0.3 80.73 383 3
39.90 8.7 0.4 81.50 404 3
40.33 15.2 0.5 *88.17 603 6
40.75 23.1 0.5
41.18 33.8 0.6 5Cl + %2Zr
*41.61 49.2 0.5
42.03 65.7 0.7 77.12 0.21 0.04
42.46 86.2 0.9 77.75 0.66 0.1
42.89 105 1 78.58 1.68 0.1
43.31 128 1 79.18 3.15 0.2
43.74 151 1 80.03 5.97 0.3
44.17 174 2 80.61 10.9 0.3
45.02 223 2 81.47 17.7 0.4
45.87 270 2 *82.06 26.6 0.3
46.30 299 2 82.92 42.6 0.6
*46.73 325 2 83.52 55.4 0.5
47.15 347 3 84.37 76.4 0.9
47.50 367 3 85.01 94.7 0.7
49.20 459 3 85.83 118 1
*50.99 543 3 86.41 135 1
52.70 626 5 87.41 165 1
54.40 687 5 88.73 207 1
56.11 754 6 90.18 254 2
57.81 813 6 *91.49 298 2
*59.52 867 6 94.40 376 2
61.23 912 7 97.30 459 3
62.93 971 7
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c.n. (V) FIG. 3. The experimentdl) fusion cross sections ar(d) bar-

rier distribution for %0+ 92Zr, the latter evaluated WithAE,
=1.70 MeV. At the higher energies, the energy step is 5.11 MeV
for two separate measuremeijtsangular (repeatefl and square
data point$ The dashed line is a single-barrier calculation and the
solid line is accMoD calculation with the first two excited states in
927r,

FIG. 2. The experimentdl) fusion cross sections ar(@) bar-
rier distribution for 2C+92Zr, the latter evaluated with an energy
stepAE;,,=1.77 MeV. Calculations with the simplified coupled-
channels codecmop are shown for the uncoupled cag#ashed
lines) and with coupling to the?Zr states only(solid lines.

channels codecmob. The lowest collective states §fZr, are given by the solid lines in Figs. 3, 4, and 5 for e,

the 2/ and 3 states, have excitation energies,  285j and 3°CI reactions, respectively. The results from the
=0.934 MeV[28] and €3=2.340 MeV[29]. They are ex- simplified CC calculations provide a reasonable description
pected to be vibrational phonon, rather than rotational statesf the barrier distributions for thé2C and 0 induced re-
The deformation parameters associated with the multipolaractions, but aZ,Z, increases this agreement becomes pro-
ity of the transition\ were obtained from the measured elec-gressively worse. As seen in Sec. V, mutual excitations and
tromagnetic transition probabilitig®8,29 using two-phonon excitations, which are not includeddomob,
become progressively more significant with increasing,,

47 | B(EM)T 12 particularly when there is a state with very largg, as in
= S (4)  ?8Si. An extended version afcmoD, known asccmpPH[30],
3ZR e allows double-phonon and mutual excitations to be included

_ ) o ) ~and very much better agreement with experimental data can
whereR is the radius of the nucleus which is excited, and ispe achieved using this code. A calculation f&iCI+%%Zr,
given byR=rA"3 withr;=1.06 fm, as in previous analy- using the same double- and mutual-phonon couplings as de-
ses [12]. The resulting deformation parameters g8y  scribed in Sec.V D, is shown in Fig. 5 to illustrate this point.
=0.13 andB3;=0.25. However such simplified programs might not be expected to

The reaction*?C+%Zr has a low value of 240 foZ,;Z,  give accurate results due to the approximate treatment of the
and hence one might expect that the effect of couplingexcitation energies of the excited states and to the use of the
would be small and the effects of multiple excitations negli-linear coupling approximation. In the cases reported here, the
gible. This is well borne out by thecwmop calculation  projectiles have high excitation energies and deformatgns
shown by the solid line in Fig. 2. Both the fusion excitation hence realistic CC calculations are desirable. To treat the
function and barrier distribution agree reasonably well withcoupling correctly, the CC codecruLL was used and the
the experimental data and the difference between the urf€sults are discussed in the next section.
coupled(dashed lingand coupled casgsolid line), though
significant, is small.

The barrier distributions from thecmob calculations, The CC codeccruLL [15] has been used in an attempt to
where only the first 2 and 3~ states in®?Zr were included, obtain satisfactory fits to each of the four systems measured,

V. REALISTIC COUPLED-CHANNELS CALCULATIONS
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FIG. 5. The experimentdb) fusion cross sections an@d) bar-
rier distribution for *Cl+%zr, the latter evaluated witAE,
=1.45 MeV. The two points represented by the squares were cal-
culated withAE. ,=2.90 MeV. The dashed and solid lines result
from ccmob calculations for a single barrier and for botfzr states
plus four states in*°Cl, respectively. The thick dot-dashed line
shows the barrier distribution resulting from a calculation with the
extended simplified CC code CCMPH, which included single- and
double-quadrupole- and octupole-phonon state¥m and all mu-
using a consistent set of parameters. This code treats cotuial couplings between states in the target and projectile.
plings to all orders, and takes proper account of finite exci-
tation energies and Coulomb excitation. It uses the ingoinggumng from measurements of Coulomb excitationyay
wave boundary condition inside the Coulomb barrier Ojifetimes, or electron scattering, with the relationship given
account for fusion, along with the isocentrifugal approxima-in gq. (4). This relationship is a first order result, applying to
tion, which works well for heavy ion§31,32. The version 5 transition from the ground staté @o X, obtained by inte-

of ccruLL used allowed for the inclusion of two excited grating over the nuclear charge distribution whose density
states in the target nucleus and one in the projectile, with th@epends onr(—R), which is often taken to have the WS

option of including muItiphonor_l or multirotational states ¢5rm For large values o8, , as occur in light nuclei such as
based on them, and mutual excitations between all of themszi significant deviations from this result can ocdG8]

Unfortunately it was not possible to include transfer reac-; 4 the series expansion does not quickly converge. There is

tions in the analyses becauseruLL does not treat couplmg also a weak dependence on the diffuseness parameter
to these channels correctly. The low-energy cross sections,

well below the average barrier are especially sensitive to
transfer reactions with positiv® values. Such reactions ex-
ist for the 28Si and *°Cl induced reactions, witf) values for
the two-neutron pickup equal t63.25 and+3.06 MeV, re-
spectively, but not for the lighter systems.

FIG. 4. The experimentgl) fusion cross sections ar(@) bar-
rier distribution for 28Si + 92Zr, the latter evaluated wWithE, ,,
=2.30 MeV. The lines representMoD calculations for the single
barrier (dashed lings with coupling including only states if%Zr
(long dashed linés and, in addition, the 1.78 MeV state 8fSi
taken as a phonon stafsolid lineg and an oblate rotational state
(dot-dot-dashed lings

TABLE Ill. Parameters for the real nuclear potential determined
by fitting the high-energy fusion cross sections wigifixed at 0.80
fm. Also shown is the average fusion barrkgy.

There are a number of uncertainties involved in CC analy-l:zeactlon Vo (MeV) ro (fm) a (fm) Bo (MeV)
ses of inelastic scattering and fusion. A few are mentioned?c+%zr 358.2 0.80 0.91 32.3
here but much more detail is given, for example, by Satchletto+92zr 702.5 0.80 0.85 42.0
[21]. In order to obtain physically meaningful descriptions of 28gj+ 927y 468.6 0.80 1.03 70.9
the measured fusion data, values frare required. Usually  35c|+ 927y 261.7 0.80 1.35 82.9

these are derived from experimental valuesBOEN)T, re-

064608-6



EXPERIMENTAL BARRIER DISTRIBUTIONS FOR THE ... PHYSICAL REVIEW ®&4 064608

these calculations we have used the first order result but themb part is independent @&, as it should be. Thus de-

limited validity of the relationship given in Ed4) for light  creasing the value af; is equivalent to increasing the value

nuclei should be kept in mind. of BY [see Eq.4)]. However it should be appreciated that
When measurements by electromagnetic methods are ngle vajue of BN/ 58S is not necessarily the same for every

available, theg, , or more usually the deformation length giae or for the same state excited by different projectiles
6= B\R, are often taken from deformed optical-model analyg|2
e

ses of nuclear scattering data. There are a number of possi
problems with such results. There is an uncertainty in th(?he more exact counled-channels codes SUChGESILL re-
definition of the nuclear potential, which is usually taken to P

have the WS form for convenience, though there is no reafi/res constlﬁera(tjlon. For c?rretgtloptehranon, thlg cbncle- L'r‘]. d
justification for this. The deformation parameter for the '€QuIres rather deeper potentials than wou € achieve

optical-model potential is not in general the same as that fofith @ radius parameter op~1.20 fm. In the barrier region
the density distribution, even for nucleon scattering, andN€ nuclear potential varies approximately exponentially with
even less so for the scattering of composite nuclei. Nucledr Therefore it is possible to achieve deeper potentials with
scattering involves the complex interactions between nuclesmaller values of , while retaining essent[ally th(_e same val-
ons, with the nuclean-n and p-p forces differing from the ~Ues for the nuclear potential in the barrier region. In these
n-p force. However electromagnetic measurement of@lculations, values far,=0.80 fm were used.

B(E\)T relates only to the density distribution of the pro- N contrast to the behavior of thecmob calculations, the
tons and the simple long-range Coulomb interaction. Thu&ffect of inclusion of excited states with finite excitation en-
the deformation parameters for nucleﬁﬁ,‘, and Coulomb €rgiese, in CCFULL is to reduce the average fusion barrier

,Bf, interactions may differ and also be dependent on Sheﬁenc_argy.compar.ed with that for the gne-dimgnsional barrier
effects[34] in the projectile and target nuclei. Indeed SuchWhlch fits the high-energy cross sections. This can be under-

differences have been reported. For example, Takegal stood as a polarization effect. In the adiabatic situation, when

. . the period of the nuclear vibration is much shorter than the
[35] found good fits to the data Wltﬁ2'=0.25 as compared o .
. . ) , >
with ,8%20.108 for the first 2 state of°Zr. This value was tunneling time, that i,> %« (the curvature of the average

. . . _barrien, the system has sufficient time to respond to the
obtained from a coupled-channels analysis of the scattering | .jear force in such a way that the barrier is reduced
of %0 by °2Zr usingr.=1.2 fm in Eq.(4), though various

7 ; . L [18,37,38. This effect occurs to a lesser extent even when
unf:ertaNlntlgs prevent this result f_rom be|.ng definitive. Theexsﬁw. Further, the inclusion of higher-order couplings in-
ratio B,/B; was _muph smaller with the Ilghtet, proton,  creases the widths of the potential barriers, and hence de-
and neutron pl_’OjECtIleS. No such large difference was regreasediw over the uncoupled valugg]. Therefore, since
ported for the first 3 state. , _ the average barrier shifts according to the couplings em-
The value one should take fog is not entirely clear. In yj5ved inccrulLL calculations, the potential parameters have
the earlier coupled-chgnne'Ls aréalyses of Re12,36, a g pe adjusted to fit the high-energy cross sections after the
value ofr,=1.06 fm, with 8\'= By was often used. In this ¢couplings are altered. The single-barrier prescription already
paper, following Ref[35], r. has been chosen to be 1.2 fm. impilicitly includes the effects of coupling to all states in the
The correct value to choose for this quantity is not presentltarget and projectile, as well as transfer couplings. In view of
known but is likely to lie somewhere between 1.06 and 1.2he considerable time taken to make individual coupled-
fm. If say a value of 1.2 fm is chosen for and 83/85  channels calculations, it was decided to attempt only reason-
>1, then an approximately similar result from a coupled-ably good fits to the high-energy cross sections, which were
channels calculation can be achieved with a smaller value afonsequently slightly worse than those using the best fit pa-
ro andBY= Y. This can be seen from the inelastic coupling rameters.
term to first order, Following Ref.[35], a radius parameter af,=1.2 fm
was used in thecFuLL calculations that follow. To investi-

1,35.
The choice of parameters for the real WS potential used in

B 0 dVn(r)  3Z,Z,€? R(PA gate the difference betweed) and8S for °2Zr, found in the
: = —RM 5) . . . . 92
Finel(r) = R —, (2h+1) At ( analysis of the inelastic scattering 80 from %2Zr [35], the

value of 8 was varied fromgh= g5 in order to optimize
; C_ C
where R® is the equivalent sharp-surface radius of thethe fit to the data. FoP“Zr, values of33=0.103 andgs

from proton inelastic-scattering measuremdi29], and has
1/2] i -
Jar B(EM)T o 1_den(f) ahllarge uncertainty of-0.03. Fgr the octupole phonorj state
Finel(r)= a7 |2 —(R'?) —ar B3 was taken to be equal t8;. The cCFULL calculations
€ r include coupling up to two-phonon excitatiof39] for the

2] and 3 states in%2Zr, and one-phonon or one-roton ex-
(6) citation in the projectile nucleus. All possible mutual excita-

tions of the projectile and target nuclei are included. The

coupling scheme employed in tleeFuLL calculations, and
Hence, for a given value @d(E\)T, the nuclear part of this the quality of fit to the data, is discussed for each reaction
coupling term is proportional t¢R®)*~*, while the Cou-  below.

32,Z,e* 1
(2N+1) (r+1
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FIG. 7. Comparison of the measuréa fusion cross sections
and (b) barrier distribution for'®0-+ %2Zr with ccruLL calculations.
Shown are results for two-phonon coupling wis = 0.144 (solid
line) and B2‘=0.20 (dash-dot-dotted line Also shown is the cou-
pling to the single phonon for thﬁ’g‘zo.l44 case onlydashed-
dotted ling.

FIG. 6. Comparison of the measuréd) fusion cross sections
and (b) barrier distribution fortC+ 92zr with CC calculations us-
ing the codeccruLL. The results shown are for two-phonon excita-
tions in %2Zr with B85=0.144 (solid line) and B8=0.20 (dashed
line). Single-phonon calculations give results which differ insignifi-
cantly from these.

A. The *C+92Zr reaction _
=42 MeV. For this reason measurements were made at

much higher energies above the average barrier than for the

other reactions. Two separate measurements were performed,
ith the first measuremeilsquares in Fig. )/suggesting that
here might be such strength in the region B,

=60 MeV. A subsequent measurement with better statistics

The results from theccruLL calculation for the %C
+927r reaction are shown in Fig. 6. Th&, value of the 4.44
MeV 2% state in*°C was taken to be-0.592. A good re-
production of the measured barrier distribution was obtaine
with tVKIO different values for the target deformation param-
eter, 8,=0.144 and 0.20, the latter being somewhat better, ~~ S .
As might be expected for this system, there is an aImosESOIId trlgngles in Fig. ¥ showed that such an effect, if
negligible difference in the shape of the fusion barrier distri-Present, Is very weak. ) 5 .
bution between the one-phonon and two-phonon couplin% It should be noted thad™(Ec morus)/dE; i is €xpected to

e

schemes. It was also found that the treatment of thestate come slightly negative, and to remain so, at energies above
in 12C had little effect on the results, whether it is taken to pethe average barrier. This is because the mean fusion radius

a phonon or rotational state. decreases with increasing angular momentum and hence in-
creasing energy. Thus the return of the barrier distribution to
B. The %0+ 97 reaction positive or even zero values over a significant energy range

might indicate the presence of a higher barrier. In contrast to

For the 0+ %Zr reaction, shown in Fig. 7, the differ- the CC calculations of Ref§40,41], theccruLL calculations
ence between thg)'=0.144 andgy=0.20 calculations is in Fig. 7, which include the 3 state in 160 with 85=0.57
similar to that obtained for thé?C+ %Zr reaction, withBy  [29], give little if any indication of the presence of higher
=0.20 giving a much better fit to the barrier peak. A smallbarriers. However the calculations differ in that, in the earlier
difference between the single- and two-phonon couplings fowork [40,41], not all mutual couplings nor the 3state in
B5=0.144 is seen. Calculations fol®0+%Zr in Refs. %0 were included and the large valuel}=0.25 from Ref.
[40,41 suggested that coupling to both the single- and two{35] was used. Thus the existence of higher barriers with
phonon excitations ir??Zr might produce significant barrier significant weight seems to be ruled out by both experiment
strength at energies well above the barrier centerdél.at  and theccruLL calculations.
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FIG. 9. Comparison of measuréd) fusion cross sections and
(b) barrier distribution for*®Cl+%2Zr with ccruLL calculations. Re-
sults are shown for singlédashed linesand two-phonon coupling
(solid lines in %Zr with 8Y=0.144 andr,=1.2 fm and for two-
phonon coupling withgY=gS and r.=1.06 fm (dash-dot-dot
line). The first four states if°Cl were includedsee text

FIG. 8. Comparison of measurdd) fusion cross sections and
(b) barrier distribution for?®Si + °2Zr with ccruLL calculations.
Results are shown for both single- and two-phonon couplirZn
with 8Y=0.144 and the first excited state 35i taken as a phonon
state (thick dashed and full lines, respectivelgand taken as an
oblate rotor(dotted and dash-dot-dotted lines, respectively

28 1 92 . D. The 3°Cl+%22r reaction
C. The “°Si+“Zr reaction

i ) The CC calculations for thé®Cl induced reaction are
The results of theccFuLL calculations for the?®Si+22zr atl inau '

. gt . . shown in Fig. 9. There are a number of state$3@l which
reaction are shown in Fig. 8. All calculations were made Wlthmight contribute to the channel coupling. Since the code
N_ . . . .

B2 _01324 In Fig. 8, a comparison, for S'”g'e'Phgg‘Q” COU-ccruLL only allows coupling to one type of vibrational mode
pling in ®*Zr, is made between taking the Ztate in*Sias i, the projectile, theg, of the states at 1.219, 1.763, 2.646,
a phonon statéthick dashed lingor as an oblatg¢42,43  5nq 2 694 MeV in®°Cl were combined in quadrature and the
rotor (dotted ling, with B,=—0.407 %gzr Si. Also com- gnergy taken as 1.763 MeV. In this case, including two-
pared are the two-phonon coupling mZr and the single-  ,,,n6n excitations if2Zr gives a noticeably better fit than

. 8 . . . .
phonon state ir?®Si (thick solid ling and the oblate case i one, as shown by the solid and dashed lines in Fig. 9,
(dash-dot-dotted lings From these calculations it can be respectively. For comparison, a calculation with,

seen that treating the2state in“°Si as a phonon state rather_ =1.06 fm andBY=gS for 9zr is also shown(dash-dot-

Yotted lines in Fig. Pand this gives a fit of similar quality.
fits th th sinale-oh i rAgain, inclusion of transfer channels would probably im-
IS than with singie-pnonon coupling. prove the fit to the lower-energy cross sections and fusion

NTreatlng ”;2 2 sta}te In“'Si as a prolate rotor, or taIgng barrier distribution. For example, the two-neutron pickup
B5=0.20 for *“Zr (neither showjy give poor representations channel ha©)= +3.06 MeV.

of the data. It seems likely that varying the parameters alittte  gyme calculations were performed with a WS-squared

would allow good fits to the data for all of the cases Shown intq iy of the nuclear potential for the above reactions. These
Fig. 8 and hence there is not strong evidence to d|st|ngU|srgr

) ¥¥>gave similar results tacruLL calculations with the WS form
between the presence of single- and two-phonon excitations ihe nuclear potential.
in 92Zr or between?8Sj being vibrational or oblate. The fits
to the lower-energy cross sections would probably be im-
proved with inclusion of the positiv® value transfer reac-
tions, such as the two-neutron pickup channel G The coupled-channels calculations described above indi-
+3.25 MeV. cate that it is possible to reproduce the barrier distributions

calculations with two-phonon coupling give somewhat bette

VI. DISCUSSION
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FIG. 10. The diffuseness parametgrdetermined from fits to 70 E_ _
the high-energy cross sections with=0.8 fm, as a function of N E 3
Z,Z, for a selection of reactions involving Zr nuclei. The solid % E <]
circles relate to the measurements wiiZr, the open diamond to = 60 £ =
40Cat+ %7r [39], and the open star t8°Ca+ %zr (Ref.[39]). The o Eo g
dashed line is an empirical relationshiRef. [45] derived from £ E .
elastic-scattering data 50 i/ E
v ]
and high-energy cross sections quite well with a radius pa- g 3
rameter of 1.2 fm in Eq4) and with the same set of defor- 40 =
mation parameters foP?Zr. From this analysis, it seemed SN NN NN
necessary to havgh>pgS, a value of 85=0.144 being a 8.0 9.0 100 11.0 12.0
reasonable compromise for all four projectiles. A better fit r (fm)

. 16 .
could be obtained for“C and *°O with a larger value for FIG. 11. Nuclear potentials are shown (@ for the case®®Si

B3=0.20, which however gave a worse fit for the two | s27; That derived from fitting the high-energy fusion data mea-
heavier projectiles. A value oB)Y=0.25, as used in Ref. sured in this work(full line) is compared with the empirical poten-
[35], is too large for all cases considered here. However, asal of Ref.[45] which fits elastic-scattering datdashed lingand
discussed in Sec.\,ﬁg‘ need not be the same for different the potential with a Gaussian type falldthick dot-dashed ling
reactions. The inclusion of two-phonon states in the couplingvhich is forced to fit the dashed line at the strong-coupling radius
scheme seemed to improve the reproduction of the shape B (vertical dotted ling The corresponding total potentials for
the measured barrier distribution, particularly for the heaviezero angular momentum, the sums of the nuclear and Coulomb
projectiles. potentials, are shown ifb). Values forB, for the three potentials
Although the present representations of the data are n@e 70.94, 71.46, and 71.62 MeV and fop, 3.35, 3.97, and 3.44
perfect, further calculations were not performed because dfl€V: respectively.
the current restrictions on the number of states which can be
included in theccruLL calculations, the lack of a correct only 0.90=0.15, even thougz,Z,=868. Further, the large
treatment of transfer, and other uncertainties such as the laglifference between the values féfCa+°Zr and *°Zr sug-
of direct knowledge of two-phonon states and their degree ofests that nuclear structure effects may be contributing.
anharmonicity{36,44). There also remains the problem that It has been show21,46,47 that, for a given form of
the diffuseness parameters obtained from fusion analyses afpgiclear potential, good fits to elastic scattering data result
much larger than those from elastic-scattering measurement§om potentials which intersect in a narrowly defined region
A summary of the diffuseness parameters obtained from thef the separation distance The value ofr where this inter-
fits to the high-energy data in this work is shown in Fig. 10.section occurs corresponds roughly to the strong-coupling
The error bars indicate the ranges which increase the minkadius R, which has a value of approximately 14(°
mum x? values by 1. These values afwere obtained with +A§’3) fm. Even when the potentials do not have the same
ro=0.8 fm(see Sec. I, but only slightly smaller values for form this criterion still applies, though less strong#46].
a resulted when a larger value for the radius parameter, for Nuclear potentials as a function ofare shown in Fig.
exampler,=1.00 fm, was used. Values for the reactions1l(a) for the 2®Si+%2Zr reaction. The corresponding total
40Cat+ %9Zr and %6Zr [39] are also included in Fig. 10. For potentialsV1(r)=V,(r)+Vcou(r) are shown in Fig. 1(b).
these six reactions, the fitted values &ogenerally increase The dashed lines relate to the empirical WS potential of Ref.
with increasingZ,Z,. This behavior is compared with values [45], which is expected to fit elastic scattering well, and the
obtained from the empirical relationship given by Broglia full lines are derived from fitting the high-energy fusion data
and Winther[45] in their Eq. 111.1.44. However the above in this work[see Eq(3) and Table Il]. These two potentials,
should not necessarily be taken as a general result as, farhich are of the same form, do not come close to intersect-
example, the systermd®Si+4Sm requires a value for of  ing near the strong-coupling radiuRs=11.3 fm in this
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case. This implies that the potential that fits the high-energy VII. CONCLUSIONS
fusion data will not be able to fit the elastic scattering. If this
anomaly is primarily due to the form of potential, it appears
from Fig. 11(a) that a potential which falls more rapidly with
increasing than the WS form is required. Powers of WS up
to 3 do not fall rapidly enough. A potential with a Gaussian
type falloff with r may be able to match the elastic-scattering
potential atR.. A potential was chosen to be of the form

The fusion cross sections for the reactidig, 0, %S,
and *°Cl on %2Zr have been measured to high precision and
barrier distributions obtained. Satisfactory reproductions of
these barrier distribution shapes have been obtained using
the “exact” coupled-channels codecruLL. With a expres-
sion for the coupling radius of the excited nucleus given by
re=1.2AY3 fm, better fits were achieved witg)> g5 for
erfc(x) the first excited state ofZr, though not to the extent of that
V(N ==Vo—%—, (7)  found in Ref.[35]. Perfect fits were neither obtained nor
attempted due to limitations of the CC code regarding the
wherex=(r —rOA%,B— roA%B)/a. Such a potential, shown by number of excited states which can be included and the non-

the thick dot-dashed line in Fig. &), was forced to intersect Inclusion of transfer reactions, probably important for the
with the dashed line @&.. This potential would probably fit = <i and *>Cl induced reactions. _
the elastic-scattering data reasonably well. It gives an almost The diffuseness parameters of the real nuclear potentials
identical value fori wg to that from the potential that fits the for each measured reaction were again found to be larger
high-energy fusion data and a slightly higher valueBgr as than those expected from analyses of elastic scattering data.
can be seen in Fig. {). Cross sections for the high-energy The results for the fOlOJr reggtlons ryﬁeasured in this work,
fusion depend mainly oB, and%w, [4]. Calculations with ~ together with those fof°Cart-*°Zr and *°Zr [39), suggest an
a modified version ofcFULL, for the uncoupled case with increase ina as the charge produd,Z, of the reaction
the Gaussian potential, reproduce the experimental datfcreases. However, drawing general conclusions from this
fairly well, in spite of the fact that no attempt was made toll_mlted data set might be dangerous. There is also an mdlc_a-
optimize the parameters. Optimization would almost cerfion that nuclear structure effects may play a part. Elastic
tainly produce an excellent fit but is pointless at the presentcattering probes larger separation distances of the two nu-
stage in view of the arbitrary shape chosen for the potentia‘F'e! than does fusion. It is suggested that a nuclear pot.entlal,
and the uncertainty in the value of the crossing radius. ~ Which falls off more rapidly withr than the WS potential,

It therefore appears likely that one could choose a potendight explain, at least in part, the anomalous behaviaa. of
tial form that could fit both fusion and elastic-scattering data.This merits further investigation.
However, whether a more rapidly falling potential could be
the full or partial explanatien of t_he anomaly remains an ACKNOWLEDGMENTS
open question. More work is required, both experimentally
on obtaining further systematics on the diffuseness parameter We would like to thank Dr. N. Rowley for discussions
for fusion, and theoretically on calculating the elastic andregarding the'®0+%Zr reaction. We are grateful for the
fusion channelgsimultaneouslywith a complete CC model support of Dr. D. C. Weisser and the technical staff of the

and a less arbitrary choice of nuclear potential. 14UD Pelletron accelerator.
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