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Sub-barrier fusion of the magic nuclei *°*Ca+*Ca
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The fusion excitation functions dt®*Ca+ *®Ca have been measured near and below the Coulomb barrier
and the fusion barrier distributions have been extracted from the data. The cross sectifi@afd®Ca are
well reproduced by coupled-channé®C) calculations, including inelastic excitations to thé and 3~ states
of both nuclei and using a standard potential. The cross sectiofA%aft-“°Ca are significantly larger than
previous data for the same system, especially near and above the barrier. While a much better agreement
between present data and CC calculations is found in that energy range, the sub-barrier cross sections are still
underpredicted.
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The fusion between two nuclei at energies close to thayible at those energies. The calculatig@8] overestimated
Coulomb barrier has been the object of extensive experimerthe high-energy data by a facter1.4, even with a reason-
tal and theoretical efforts in the past 20 years. The systemati@ble modification of the standard “bare” potential, and this
enhancements observed with respect to one-dimensional caleuld hardly be attributed to systematic experimental errors;
culations have been explained in terms of couplings to intermodifying the nuclear potential further makes the disagree-
nal degrees of freedom of target and projectile, hence thenent with sub-barrier data much larger. Therefore, the au-
sensitivity of the fusion process to nuclear structure has beefhors of Ref.[23] concluded that additional measurements
recognized 1]. The possibility to extract fusion barrier dis- for the 4°Cat *8Ca system were necessary. Subsequent mea-
tributions from accurate datg2] has brought a substantial g, rements of elastic scattering ®a+*éCa near the barrier
advance in the identification of the relevant channels actin@24]1 moreover, gave indication that a positi@evalue chan-
as doorways to fpsiofﬁ]. In particul_ar, various gxperiments nel should be included in the coupling scheme.
have shown the importance of static deformatiphs7] and No data exist for the neutron-rich cadéCa+8Ca and

of complex_ su_rfa_ce vibratior{s, 9] Anyway, as is often t.h € the interest in this symmetric system is twofold. First of all,
case with intrinsically complex objects such as nuclei, the

new results open new questions. The influence on sub—barriéfr Sggplg]gs tohmelastlc ehxcnlztlgns canférfe:progchl:ce ﬂ‘.‘@a
fusion of processes such as transfé6—13 and breakup ., <2 data, the same should be true f6Cat+ ™Ca, since

4
reactions[14—16 is not yet clear; moreover, the effect of 8Ca also has a double closed-shell structure and both com-

unusual structures, such as halos and ski is currently ~ Pinations offer unfavorable conditions to trgnsfaﬂ Q val-
being studied 18,19, although so far restricted to light nu- Ues are large and negatjvénce the inelastic couplings are
clei. fixed in “°Ca and “8Ca, a comparison with*®Ca+*Ca

In this context, it is important to provide a clear under- (Where positiveQ values existshould help disentangling the
standing of some fundamental test cases. One such casepi@ssible effect of transfer couplings. _
the fusion between two magic nuclei. The best studied ex- In this Rapid Communication we report on a high-
ample is*%0+2%%Pb[20], whose detailed theoretical descrip- Precision measurement of the fusion excitation function and,

tion, however, still remains elusivil]. Other systems of consequently, of the barrier distribution dFCa+4SC?8. A
great interest are the combinations of magic calcium isonew set of data has also been collected for thea+**Ca

topes, namely*Ca+“°Ca, “°Ca+48Ca, and “éCa+%Ca. System, with the high statistical accuracy needed to extract

Unlike the case of®0+2%%Ph, however, experimental data the fusion barrier distribution.

on these systems are still incomplete and, also from the the- The experiment was performed at the XTU Tandem ac-
oretical point of view, the CaCa systems represent a puzzle celerator facility of the Laboratori Naz_lonall di Legnaro. The
still awaiting clarification. The situation is as follows: the ***®Ca were produced by a sputter ion source, where CaH
fusion excitation functions were measured a long time aggamples were used. The beam energy was defined with an
[22] for *°Ca+ 40*44€a showing large sub-barrier fusion en- uncertainty less thas 1/800[8] and the beam current was in
hancements and conspicuous isotopic effects. The cross sébe range 5-10 pnA for boti%Ca and **Ca. The targets
tions for 4°Ca+4°Ca were reproduced by detailed CC calcu-Were evaporations of°CaF, (50 wg/cn?) on carbon layers
lations[23], while the predictions for the other two systems, 15 ng/cn? thick. The target isotopic enrichment was
and in particular for*®Ca+ “8Ca, severely underestimated the 96.78%.

data at low energies, although collective inelastic excitations In order to measure the fusion cross section well above
and the one-nucleon transfer channel were explicitly in-and below the Coulomb barrier the beam energy was varied,
cluded in the coupling scheme. A discrepancy was also fount 800 keV steps, between 97.6 and 120.0 MeV fé€a
above the barrier and was judged to be particularly serioust“®Ca (V},,=103.4 MeV), and between 88.4 and 107.6
since coupling effects on the fusion cross section are negliMeV for “’Ca+“éCa (V,=97.5 MeV). For this latter sys-
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tem further high-energy points with a larger step were taken
(up to 135.6 MeV, in order to cover the full range of the
previous experimen22]. For each system the energy was
varied only downwards to minimize hysteresis effects in the 102
energy-defining magnet.

The forward-recoiling evaporation residu¢ER) were
separated from the transmitted beam and beamlike particles
by means of an electrostatic deflectan improved version
of the one described in Ref25]), whose beam rejection ¢
factor at 0° is around 76-1¢°. The ER were further dis- 1
criminated from residual beamlike particles by means of an
energy—time of fligh E-TOF) telescope based on a micro- A e
channel plate detector and on a 300 fsilicon surface- 10 0.9 1 11 12 13 1.4
barrier detector; the geometrical solid angle of the telescope E /V
was 2.2 10 2 msr. The identification of ER in the E-TOF cm. "B
plane is very cleafsee, e.g., Ref9]). Four silicon monitor FIG. 1. Fusion cross section fdfCa+ *8Ca (circles and *°Ca
detectors with a solid angle 4.¥30 2 msr were placed +“Ca(squaresmeasured in this work, as a function of the reduced
symmetrically atf,,,=16° to the beam direction to detect center-of-mass energy. The error bars represent purely statistical
the Rutherford scattering from the target. This allowed us tdincertainties.
establish the beam direction for each run with an accuracy
better than 0.1°. Small deviations from 0° due to different The deformation parameters of the relevant inelastic ex-
beam focusing were taken into account in the data reductiortitations of “°Ca and“*®Ca are reported in Table I. The"2
The transmission of the electrostatic deflector was deterand 3~ states for both nuclei lie at high energies, and while
mined to be 0.60(0.55) 0.06 for *®Ca+*®Ca (**Ca+“*®Ca), the 2' states are of comparable strength, a much stronger
by Monte Carlo simulationgésee Ref[11]). octupole vibration is present iffCa, causing a renormaliza-

ER angular distributions were measured in steps of 1° afion of the bare potential. The net expected effect, qualita-
Eapb=116 and 104 MeV in the range-5° to +3° for tively, is a shift of the Coulomb barrier of a few MeV and, as
“8Cat+“®Ca and atE,,=107.6 (98.89 MeV in the range a consequence, larger low-energy fusion cross sections; this
—7° to +6° (—5° to +4°) for “Ca+*Ca. The angular is what our data shosee Fig. ], together with a difference
distributions are symmetrical around 0° and they drop more
slowly for 4°Cat+*8Ca (FWHM~5°) than for *Ca+“’Ca
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energy, the number of ER events was normalized to the elas-

(FWHM=~3°). As in ourprevious experimentsee Ref[9] 103;
and references thergimo significant energy dependence of i
the width and shape of the angular distributions was found, 1025—
therefore the measurements performed at the two energies g
for each system were combined. The angular distributions 10 ;_
were fitted by a Gaussian and integrated, thus obtaining the g
ratio of the yield at 0° to the total yield of ER. For each 1 b

g

tic scattering yield in the monitor detectors. The normaliza- = -1
. : ; 10
tion was performed according to the Rutherford cross section g s
for “°Ca+*Ca, and to the oscillating Mott function for the 5 10

symmetric “8Ca+ *éCa system. By taking into account the
solid angles, the transmission factor and the 0°-to-total ratio, 102
the ER yields were transformed into total fusion cross sec-
tions (fusion-fission is negligible

The measured fusion excitation functions are shown in
Fig. 1 as a function of the center-of-mass energy divided by
the Coulomb barrier and in Fig. gointg in an absolute 1
energy scale. The statistical uncertainties are of the order of ;
1% for the higher and intermediate energies and increase to 10" AR SRR RS RN R SRR R
~10% for the lowest energies, but these statistical errors are 475 50 525 55 575 60 625 65 67.5
essentially the only ones affecting relative cross sections E.__ (MeV)
within one system. Systematic errors, taking into account the c.m
transmission factor, the geometrical solid angle uncertainties, g, 2. Fusion excitation functiofpoint compared with CC
and the angular distribution integration, sum up#d5%.  calculation(full lines) for “éCa+“Ca (top panel and “°Ca+éCa
Larger oscillations can be seen f6fCa+“%Ca aboveE, (bottom panel The no-coupling limit is also reporte(dashed
=57 MeV for some points, and may be due to imperfectlines). The data from Aljuwairet al.[22] (open squarésare shown
beam focusing. for comparison.
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TABLE I. Excitation energiesE,, spin and parities\”, and 0.5 - =
deformation parameter8c and 8, of the relevant states dffCa E ‘\‘ 48Ca + 48Ca
and “°Ca. 04 )
Nucleus E, (MeV) AT Be B 03 =
“Ca 3.832 74 0.122 0.184 02
4.507 3 0.134 0.170 0.1 F
40ca 3.904 z 0.101 0.091 F
3.737 3 0.433 0.293 - 0E
U
E 0.1 -
in slope between the two systems at sub-barrier energies, ; 04
which, however, should be attributed to effects other than E
inelastic excitations. 03
The data have been analyzed within the framework of the .
CC formalism using the codecruLL [26]. This program 02 -
takes into account the effects of vibrational couplings to all 01 L
orders, and in the harmonic limit. The no-Coridlgs isocen- T E
trifugal) approximation, consisting of replacing the angular 0oLF
momentum of the relative motion in each channel by the =
total angular momentum, is employed to reduce the number 0.1 -

of CC equations and the incoming-wave boundary condition
is used inside the Coulomb barrier.

The present calculations include thé 2nd 3~ states of
48c3 and 4°Ca; considering, in addition, mutual excitation FIG._S. Fusion_ barrier distributiofpointy compared with CC
does not produce any significant change of the results fo?ajg“'at'ons (fulllines) for 4gca+48_ca (top panel and “Ca
both excitation functions and barrier distributions. The Cou-+" c@ (bottom panel The dashed lines show the results of no-
lomb deformation parameteyg. have been extracted from ¢0UPling calculations. The points fdg,n/Ve=1.05 have very
tabulated value$27,2§. The nuclear deformation param- large error bars and are not reported.
etersfB, have been taken frofi29], i.e., from the analysis of
inelastic scattering of®0+ 4%4&Ca. As a matter of fact, we
ha\;e cho?:rnct(c))”lljsgritggnsa}rn;;rﬁ)ara:rnete:]s;igsalrrl[za;f.\/\ﬂ:ge pole mode of “®Ca [3_3], contrary to what has been reqent_ly
B Be. parison. $n=Bc nyway observed for the fusion of the light weakly-bound projectile
efflectI on the calcu”auzns_. A!Ir tg:e s?ec_:rtlzoscopmdm%uti;o the6He with 2998 [18] and 28U [19].
calculations are listed in Table I. The standar u 40 48 .
Winther[30] potential was used and the potential paramgters For the system™Cat "Ca, the agreement is good at

above-barrier energies, but the low-energy data are underes-

togbeither with the deduced barrier parameters, are reported Mnated by our CC calculation. The discrepancy was over 2
Table II. :

The results of theCFULL calculations are shown by full orders of magnitude at low energies between previous data
lines in Fig. 2 for *Ca+*%Ca (top panel and *°Ca+ 48)(/:a and calculation$23]; it is now reduc'ed and we are able tq
(bottom paﬁel The no-coupling limits are also reported reproduce the high-energy data with a standard potential,

; ! . ; without any adjustment. The residual sub-barrier enhance-
(‘gashe4d lings The previous data qf Aljuwaiet al. [22] for ment, and the difference in slope between the two systems,
Ca+ “8Ca are shown for comparison. The present data fo

tannot be due to inelastic excitations and may be indication
40Cat “8Ca are a factor=2 larger than the previous ones at y

. NN o~ 7" of transfer couplings, as previously suggested in ).
high energy, pointing in the direction suggested by preV'Ou%deed, positivgg vgalues epxist for geutrgg pickup cl{fﬁi]nels

theoretical analysg3]. As can be seen in Fig. 2, the exci- (€.9..Q.,n=2.62 MeV, Q,,.=3.88 MeV) and even for
"I +2nT & 1 +4n— -

tation function for “Ca+“éCa is well reproduced by CC Lo _
calculations over the whole energy range. No attempt waéj‘;tg; i/tlgr\)/r))mg channelée.g., Q—2p=7.08 MeV, Q_4p

done to fit the data. By the way, there is no evidence of

enhancements due to the thin neutron $&ib,32 nor to the
coupling to the low-lying resonant statpossibly a soft di-

The barrier distributions were extracted from the fusion
excitation functions as the second energy derivativels of
TABLE II. The ion-ion potential parameters used in the calcu- [2], where the three-point difference formii] was applied
lations, together with the deduced barrier parameters. with AE;,,=1.6 MeV, since using a smaller energy interval
in that formula leads to very large error baft§or “8Ca
System Vo Fo a Ve Rg  ho +4Ca, the points atE.,/Vg=1.0 were derived with
(MeV) — (im)  (fm) (MeV) (fm) (MeV)  Ag —24 MeV) The corresponding distributions are
“Cat“Ca 64.104 1.175 0.662 51.7 1038 327 shown in Fig. 3 (points. The plotted quantityB is
0car%Ca 64.925 1174 0657 532 1008 352 O2(Eoy)/dE? normalized tomrR3, whereRg is the barrier
radius. The corresponding CC calculations are shown by full
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lines; the no-coupling results are also repoif@ashed lings  good statistical accuracy has also been collected for the long
The experimental fusion barrier distribution f6fCa+“Ca  debated*°Ca+“éCa system, showing a large discrepancy
has only one peak, due to the very rigid nature of target angiith previous data at high energies. A very good agreement
projectile, and is well reproduced by CC calculations. On thepetween data and CC calculations has been obtained for the
other hand, the experimental barrier distribution ffCa symmetric “Ca+“8Ca case over the whole energy range,
+%%Ca has two clear peaks Bt /Vg=0.95,0.98 and, pos- confirming the reliability of the theoretical model. The same
sibly, a much weaker structure at low energi&s (/Vs  nolds for *°Ca+“éCa, where standard CC calculations are
2_0.92). These features of the barrier_distribution are responaple to reproduce the present above and near-barrier cross
sible for the enhancement observed in the sub-barrier fusiogactions. However, a significant discrepancy is still present at
cross section, and are not reproduced by CC calculationg, energies for this system. This enhancement, together

isr;glurciiri]ngrsotum:ngf |tt0 tiinﬁlasgicr:] exci;ati?ns only, e\l;enf C?r?'with the peculiar features of the barrier distribution, may be
‘ering mutual excitalions. 1nose teatures may be UMy ;. yication of transfer couplings. Further measurements of
evidence of transfer couplingsee, e.g.[10]), supporting

. ; elastic scattering and of single- and multinucleon transfer in
the conclusions of Ref23], based on the observation of the 4004t %8Ca. as \?vell as more? complete and detailed CC cal-
fusion enhancement, and those of R&#], based on elastic lati ' iblv includi ; i |
scattering results. The dominant effect in the calculated paguiations, possibly including t_rans er couplings, wou d be
rier distribution is a~2 MeV shift of the main peak, due to very useful to put such indications on a more solid ground.

the strong octupole vibration of°Ca, with respect to the .
no-coupling limit (the shift is much smaller for‘Ca We are very grateful to Dr. N. Rowley and Dr. K. Hagino
+48Caq). for providing us with theccruLL code and Dr. N. Alamanos

In conclusion, our measurements represent a significarfr interesting discussions. We also thank the XTU Tandem
step towards the comprehension of fusion dynamics in c&taff for their careful work, G. Manente and M. Loriggiola
+Ca systems. Fusion excitation function and barrier distrifor providing us with targets of excellent quality, and G.
bution of “Ca+ “®Ca have been measured near and belowBinelle and Dr. F. Scarpa for producing high intensity and
the Coulomb barrier for the first time. A new set of data with Stable beams.
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