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Reactions induced by the halo nucleu$He at energies around the Coulomb barrier
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The reactiorPHe +54Zn was studied in order to investigate the effects of the projectile neutron-halo structure
on the reaction mechanism at energies around the Coulomb barrier. Elastic scattering angular distributions,
transfer/breakup angular distributions, and fusion excitation functions have been measured. Due to the low-
recoil energy of the evaporation residues and the low intensity oftleebeam, the fusion cross section was
measured by detecting off-line the atomic x-ray emission which follows the electron capture decay of the
evaporation residues. For comparison the reactide+5Zn was studied using the same technique. The data
for the reactiorPHe +54Zn show that the transfer and breakup mechanisms account for almost 80% of the total
reaction cross section, moreover we do not observe an enhancement of the fusion cross section when compared
with the “He +54Zn reaction.
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I. INTRODUCTION Ref. [4], the strong coupling with the breakup channel has
h ‘ in diff | ) the opposite effect of reducing the fusion cross section.

In the past few years, in different laboratories, a great gy hoimental investigation is quite difficult due to the low
_expenmental effort _has been Qevoted to _studyl_ng reaction tensity of radioactive beamghree or four orders of mag-
induced by radioactive beams in order to investigate the e hitude lower than typical stable beamsoupled with the
fects of nuclear structure on reaction mechanisms. In particus . 11 fusion cross sections at sub-barrier energies. To our

lar, both theoretical and experimental work have studied th%nowledge only three systems have been studfite
effects of the halo structure of nuclei on the fusion reaction, 2o9p; [5—8’] 6He+238 [9,10], andBe+2°%Bi [11,12. The

mechanism at energies near and below the Coulomb barri@rHe#“Bi fusion reaction around and below the barrier

Cpntradicto_ry effects on fusion Cross section haye beerIleads to the production of heavy evaporation resid&eR.)
predicted by different theoretical models in reactions 'nduce%nstable againstr emission. The fusion cross section was

by neutron—ha}lo nuclei at energies around and below th.% tained by detecting the particles following the E.R. de-
Coulomb barrier. Th?‘se models agree tha't the Iarger spatig y. The authors found an enhancement of the fusion cross
extent of halo nuclei, and the coupling with possible 10W-go 4o pelow the barrier and a strong contribution due to the
lying resonant states, would increase the fusion cross sectiofansfer and/or breakup reaction chanr@sg]. In the ®He
However, the models disagree about the role played by .thgzsau system fusion reactions lead to fission of the com-
breakup O.f theBIooier bOLI'gd h?jlo nuclleons fofr|1 th]? fuaﬁ ound nucleus. The fusion cross section was obtained from
cross section. Breakup could produce a loss of flux from theyg yetected fission events assuming that no significant con-

fusion channel and thus hinder the cross sedtier8]. Con- ) tion came from other reaction mechanisms. Once more,

versely, strong coupling with the breakup channel with the, |06 enhancement of the fusion cross section below the
associated dynamical modulation of the fusion potential

. “parrier was observefd,10. In the 'Be+2%Bi system the
could produce an enhancement of the sub-barrier fusio ®,10 y

X ) . . Bross section was obtained by detectingarticles emitted in
cross sectiorj4]. At energies above the barrier, according Ohe ER. decay. However, in contrast to the previous two

systems, no enhancement was observed. In fact, similar fu-
sion cross sections have been measured for %hBe
*Present address: INFN-Laboratori Nazionali del Sud, Cataniat?%®Bi reactions at energies below the Coulomb barfidi,

Italy. whereas a larger fusion cross section was found above the
"Present address: Ruhr University, Bochum, Germany. barrier for the halo nucleus induced reaction. However, in the
*Present address: TRIUMF, Vancouver, British Columbia, Canadat'Be +2°Bi experiment the fusion cross section was obtained
Spresent address: TRIUMF, Vancouver, British Columbia, Canadaby summing the contribution of then54n, and fission chan-
IPresent address: NSCL, Michigan State University, East Lansingjels, the B channel was not measured. This channel is ex-

Michigan. pected to be relevant below the barrier. Conversely the fis-
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sion cross section below the barrier could have been
overestimated11,13.

The °Be nucleus being weakly bouri&,=1.6 MeV) may
not be the best reference nucleus to compare the fusion cros
section with. In fact a reduction of the fusion cross section
above the barrier was found in tiBe+2°%Pb [14,15 reac-
tion, and data orfBe+2°Bi show a large transfer/breakup
cross section below the barrigt3] as in®He +29Bi [8,16].

The effects of projectile structure on reaction mechanisms
seem also to depend on the target mass. In fact, contrary t
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the above mentione®Be +2°%Pb casg14], no effects on fu-
sion cross section were found f8Be+%4Zn at near barrier
energieg17]. The fusion cross section in this case was the
same as for reactions induced by tightly bound nuclei.

In summary, the existing experimental data give appar-
ently contradictory results and more data are necessary tt
better understand the problem. We note, in addition, that the
two experimental techniqgues mentioned above can be ap
plied only to heavy systems leading to fissioneounstable
evaporation residues.

We have measurefHe induced reactions on a medium N
mass®4Zn target at energies around the Coulomb barrier. We \\f
used an experimental setup suitable for the study of the fu- A
sion process and the other open channels: elastic, transfe =~ LAMP back '
and breakup.

To our knowledge, no data for fusion reactions induced by
neutron-halo nuclei on medium mass targets around the bar- FIG. 1. Schematic diagram of the experimental setapfor the
rier are available. To overcome the experimental difficultiesun atE,=10 MeV; (b) for the run atE,,=13.6 MeV. See text for
of measuring low-energy fusion cross sections induced byetails.
low-intensity beams, we measured off-line the atomic X-rayyhe peam direction. The laboratory angular range covered
emission following the electron captu(g.C) decay of the 55 o°< ¢=<360° and 5% #<12°. The other two arrays
E.R. produced in the reaction. The choice’®n as a target each consisted of six sectors at 45° with respect to the beam

was made, with the help of statistical model calculations, iaxjs and covering the laboratory angular ranges 2@°
order to have the largest fraction of the fusion cross sectiorc5° and 120% #=<160° respectively, with 0% ¢

producing radioactive E.R. mainly decaying by E.C. The fu-<360°. The configuration of these two detector arrays is
sion excitation function was performed at a fixed beam encalled LAMP due to its lampshade shape and it allows for a
ergy using the activation technique. For comparison, the revery large solid angle coverage.
action “He+%Zn was also measured at the same center of |n this run only light charged particles such asap,and
mass(c.m, energy. %He were detected. Hydrogen was discriminated from He by
In Sec. | we will describe the experimental techniques, inmeans of the time of flightToF) technique using the cyclo-
Sec. Il the results for the different channéddastic scatter- tron rf as the time reference.
ing, transfer/breakup, fusigwill be presented, and Sec. Il |n the second run the same reaction was measured at
will be dedicated to final remarks and conclusions. Eab=13.6 MeV and, as a comparison, the reactitie
+%4Zn was also measured at the same c.m. enégyy,,
=12.4 MeV). The experimental setup used in this run was
modified in order to have a more complete angular coverage
and it is sketched in Fig.(b). The target was a 0.5 mg/ém
The experiment was performed at the Centre de Recheself-supporting“Zn foil. It was angled at 45° with respect to
ches du Cyclotron at Louvain la Neuve with an averéige  the beam direction in order to measure at laboratory angles
beam current of & 1(° pps. A total of two runs were per- around 90°. The detectors used were two halves of a LAMP
formed. In the first run we measured the reactitite  detector array, one at forward and one at backward angles,
+69Zn at Ej5,=10 MeV. A 1 mg/cn self-supporting®¥Zn  each consisting of three sectors covering the laboratory an-
target was used. The experimental setup is shown in E&y. 1 gular range 0% ¢<180° and 15% §=<50° (LAMP front)
and consisted of three arrays of highly segmented, large solidnd 180°< ¢<360° and 120% §<160° (LAMP back).
angle Si strip detectors covering a total solid angle: 2. Four double sided silicon strip detectois8] covered the
The detectors used were 20 sectors of the Louvain la Neuvengular range 70& #<100°. Two were placed above and
Edinburgh-detector-arragl. EDA) [18] with a total of 320 two below the target position as shown in Figbyl This
strips. The first array LEDA consisted of eight sectors,detector geometry allowed for a very large angular coverage
placed in an annular configuration with each sector normal tavith good granularity. A total of 240 strips were used. In this
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run hydrogen was also discriminated from helium using the<E_,, <12 MeV in the *He case(only three targets were
ToF technique. used. The error in determining the beam energy at the center
With this setup the elastic scattering and light chargedf each target in the stack is due to the error in the target
particle angular distributions were measured. As sketched ithickness and in the stopping power since different programs
Fig. 1(b), downstream of the primar§#Zn target, in a cube 9ive slightly different stopping power values. Since the target
adjacent to the scattering chamber containing the Si detectépickness was measured by the energy loss of 5.48 MeV
arrays, we placed a stack of foffzn foils alternated with ~ Particles traversing the foil, the source of error is due to the
93Nb catcher foils which were used for the activation experi-€nergy loss calculations. The error in the calculations was

ment. This will be discussed in detail in the following sec- estimated by using several energy loss programs which gave
tion. a maximum difference of 3%. Of course, the error in the

energy loss in each foil must be considered, therefore the
largest error in the beam energy occurs at the last target of
B. Activation experiment the stack and is about +150 keV. The energy loss program

A fusion reaction induced by a beam of light halo nuclej USed for our calculations was SRIM9].

on a medium mass target, at energies around and below the D|ffergnt activation runs were peffo”“ed withle _beams .
barrier, will lead to production of low-energy evaporation to optimize the production of short lived and long lived resi-

residues which are stable agaiastiecay. Therefore none of dues. x rays emitted from the different targétsmpether with

; ; ; ; the corresponding catchemwere measured off-line using
the techniques previously us§l9,17 is suitable for study- . : .
ing such reactions. Direct E.R. detection will be very diffi- ORTEC S(.L') detectors surrounded by lead shields. Possible
cult since, typically, the slow E.R. will be in the same energy"€actions induced by the beam on thitlb catchers do not
range as the8 background from the decay of the scattered'€Present a problem_smce the X ray6energ|es are different to
radioactive beam. Moreover a fraction of the E.R. producejhe gnei correzpondlng to rt()elacnons Gon. Dlue to the.very
will not come out from the target since their energies are to On{ hac ground, we were a eftohmeagure foiN countllﬂg rates
small. For example, in the present experiment fofHe  WNICh were, in some cases, of the order of 1 count/h.
beam of 13.5 MeV and &'Zn target having a thickness of The beam current was determined from the elastic scat-
2 mg/cn? the fraction of E.R. stopped inside the target igtering at small angles where the elastic cross section is
about 80%. On the other hand indirect E.R. detection Viii(nown to be Rutherford. To extract the cross sections for the
on-line or 6ﬁ-|ine gamma spectroscopy te(.:hl.wiques is Ver>production of various residues, especially for short-lived nu-
difficult due to the high background compared to the lowclides, it was necessary to monitor the beam current as a

E.R. yields and to the low Ge detector efficiencies. To overJunction of time, during the activation run. In order to do

come these difficulties we decided to measure off-line the ihis' a clock signal was generated by using the 3‘9”?" of a
rays following the E.C. decay of the E.R. to study the fusionPUIS€ generator with a fixe@nd stablgfrequency. This sig-

reactions®®He +64Zn. This technique can be used by choos-nal was stored on tape along with the elastic scattering data.

ing, with the help of statistical model calculations, a suitable” spl)ectrum, time VeijSl;S courr:ts(;n the _erllastlti pe_ak at er_aII
target such that albr at least a large fractiomf the possible 2N9IeS was extracted from the data with a 1 min time bin

E.R. produced are unstable against E.C. decay. The maf?'r'd' after normalization, the incident current as a function of

; ; time was obtained.
advantages of the proposed technique are the following. o . .
() Atomic x rays in the energy region of interest The x-ray activity emitted by eadzn foil was measured

H 4 3
(5—10 keVj can be easily detected off-line with extremely by placing both the”Zn target and thé*Nb catcher very

- 3 .
low background and 100% intrinsic detection efficiency byClose t& the $Li) detector. Thé*Nb foil was placed on top
using SiLi) detectors of the **Zn foil so that they were measured simultaneously.

(b) The E.R. can be identified by atomic number from Each measurement was repeated in order to measure the ac-

the energy of the x-ray lines, whereas different isotopes ca ivity as a function of ime. The average x-ray absorption by

) ] " the %4Zn and**Nb foils has been estimated with the help of a
L:]aﬁcolircgscaseeas in the present casee separated by their Monte Carlo statistical model calculati¢®0] that calculates

(c) By activating a stack of targets it is possible to the E.R. energy spectra and implantation profile within the

extract the cross section at different energies without chan arget. In these caLaulanons the reaction could take place
ing the beam energy thus reducing the beam time needed 81ndomly W'th'r.‘ the>Zn targgt. Th|s.self—absorpt|on is dif-
perform an excitation function measurement with the ver crent for the different x-ray lines, with an average value of

0
low intensity radioactive beams. about 6.5%.

; ; The incident beam profile was measured in order to ex-
As previously mentioned, a stack of folfzn targets ) . . o~
(~2 mg/cn? thick) followed by ®Nb catcherg~3 mg/cn? tract the SiLi) geometric detection efficiency. The beam pro-

thick) were placed about 70 cm downstream of the f#n file attlorcl:g \|N|th :jhe gﬁtectl?n gi]eé)rtnitrly }/;{er e folded 'gtio/a
“scattering” target. The catchers were needed in order to Stol&{lon € Larlo code. The extracted fotal efliciency was <.17%.

the residues emerging from the previous target and to slow IIl. EXPERIMENTAL RESULTS

down the beam, increasing the average difference in beam _ )

energy for the different targets. Using these stacks, we ex- A. Elastic scattering

plored a center of mass energy range 8 Mel,,, The elastic scattering angular distributions were extracted

<12 MeV in the ®He induced reactions and 10 MeV for all of the reactions studied. In Fig(&) a comparison
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TABLE |. Optical model parameters.

a)
Reaction E.,(MeV) V ro a w I 3

-% 4He +54Zn 12.4 123 1.2 043 204 105 0.43
:\

- 6He +547n 12.4 104 12 06 389 12 0.85
- 6He +647n 9.1 474 12 0.6 107 1.2 0.85

larger real potential depth and smaller radius. We also veri-

T

fied that the addition of a surface-derivative type potential to

0 50 100 150 the volume part of the imaginary potential did not improve

0c.m.(deg) the fits. The values of the optical model parameters obtained
from the fits are shown in Table | and the results of the fit are

shown in Figs. 2a) and 2b). From the optical model analy-
b) sis of elastic scattering data the total reaction cross sections
were extracted. We obtained the following values: fbie

1 *%\\\ +%47Zn ¢=(650+80 mb at (E.,,=12.4 Me\) and for *He
~ \\ +547Zn ¢=(380+60 mb and(1450+130 mb atE.,,=9 and

12.4 MeV, respectively. As we will see in the following the

x\ largest fraction of the total reaction cross section in %He

~ \% case corresponds to transfer/breakup events.
L -

0 50 100 150

B. Transfer and breakup channels

Be.m.(deg) In the experimenfHe+2°Bi a very large cross section
(almost saturating the total reaction cross segtidne to

FIG. 2. (a) Elastic scattering angular distributions B,  transfer and/or breakup was foufidig]. In our data we also
=12.4 MeV for *“He+%Zn (closed circlep and ®He+%4Zn (closed  |ooked for such events. Figure 3 shows an energy spectrum
triangles. (b) Elastic scattering angular distributions féHe at #=90° for the reactiorfHe+%%Zn at E,;,=13.6 MeV ob-
+%Zn at E.;,=9 MeV (closed diamondsand E.,=12.4 MeV  tained by gating on the helium locus in the ToF-energy spec-
(closed triangles The dashed lines represent the results of the cortrym. One can see that there is a strengarticle contribu-
responding optical model fits. tion in addition to the®He elastic scattering peak. As

discussed in Ref[22], « particles are expected to be pro-

between the elastic scattering angular distributions for thguced in fusion evaporation, one and two neutron transfer
two reactions'He +%4Zn and®He +%Zn at the same c.m. en-

ergy (E.,=12.4 Me\) is shown. As one can see from this
comparison there is much more flux removed from the elas
tic channel in the reaction induced by the halo nucléde

than there is with the stable nucledBle. This implies a 80
much larger reaction cross sectiogmore than a factor 2
largen for the ®He induced reaction. In Fig.(8) the elastic 70

scattering
=10 MeV

=12.4 MeV) are shown.
An optical modely? analysis was performed on the elastic

COUNTS

®He elastic

/

angular distributions foPHe+%Zn at Egy,
(Ecm=9 MeV) and E_,=13.6 MeME., 60

o particles

scattering data using the codgoLEMY [21]. The details of
the light charged particle analysis are reported in R22],

and we will only summarize the results here. The real and
imaginary part of the optical potential used in the calcula-
tions were Wood-Saxon wells. TRele +5Zn data at the two 20
beam energies were fitted using as free parameters the re
and imaginary potential depths. To avoid a fit with many free 10
parameters all other parameters were fixed. For the optica
model x? analysis of the reactiorfHe+%Zn at (E. ., 0
=12.4 MeV) we followed the same procedure as in the
SHe+5Zn case.« particle scattering on heavy target is
known to have continuous ambiguities of the Igo tyRa8]. FIG. 3. Energy spectrum af and ®He locus measured
In this case a similarly good fit was obtained with a much=90° for the reaction 13.6 Me\fHe +54Zn.

N\

=4
IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|III
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and breakup processes. In general, different mechanisms can 45

be discriminated by their energy and/or angular distributions.

However, in the present case it is not easy to distinguish 40 - {{{ a)
different reaction channels based upon energy considerations

alone [16]. Different mechanisms will, in fact, produce 35 -

events in approximately the same energy region. One or two
neutron transfer to the ground state is not likely to occur
since the optimun@-value for neutron transfer ,,~ 0. In

fact no events in the energy region corresponding mo 2

30 - E

do/dQ(mb/sr)

transfer(Qy s=18.06 MeVj to the ground state are present. 25 1 E
One neutron transfeiQ, =6.11 MeV) produces’He which §
then decays to“He+1n. The energy region for the 20

a-particles from one and two neutron transfer is slightly dif-

ferent but, as shown in Fig. 3, it is not possible from the 15 -

energy spectrum to distinguish the two transfer processes

since the experimental energy distribution is quite broad. A 10 ‘ ‘

possible way to discriminate particles from directtransfer 20 0 120 170

and/or breakupor fusion reactions is the angular distribu-
tion. Evaporatede particles are expected to be produced 0c.m.(deg)
with an almost isotropic angular distribution since they are
emitted from a compound nucleus having very small velocity
and low angular momentumJ,,~5#% for E.(°He)
=13.6 MeV as predicted by CASCADR4]]. The « particle
angular distribution for transfer and breakup channels is ex- b)
pected to be peaked, typical of direct processes with a maxi-
mum in the angular distribution that moves to larger angles
as the beam energy decreases.

The « particle angular distributions fotHe+54Zn were
obtained by subtracting the elastic scattering contribution
with a two Gaussian fit. They are shown in Figsa)dand
4(b) at E ;=10 and 13.6 MeV, respectively. Small angles
(#=<30° were not considered since the elastic scattering
contribution was too strong to be subtracted. It seems evident
from the angular distributions that the dominant mechanisms “
are transfer and/or breakup. However a small contribution Py
due to inelastic scattering cannot be excluded.

The integratedr particle cross sections af@00+100mb 10 ‘ ‘
and(1200+150mb atE,,,=10 and 13.6 MeV, respectively. 20 70 120 170
From the comparison of these cross sections with the reac- Oc.m.(deg)
tion cross sections extracted from elastic scattering, one can
see that the largest fraction of the reaction cross section FIG. 4. (8) « particle angular distribution foPHe+%Zn at
(about 80% corresponds to transfer and breakup channelsEcm=9 MeV. (b) « particle angular distribution foPHe+%Zn at
This result is in agreement with Reff7] for the reaction Ecm=12.4 MeV.

SHe+29Bi. As discussed in Ref[22], transfer processes

have been identified by looking at events where ghpar-  65zn. As will be discussed in the following, strong produc-
ticle was detected in coincidence with protons or another tion of ®°Zn has been observed within the activated targets
particle. In Fig. 5 we show an energy spectrum of protonsyhich further confirms a strong contribution by the transfer
and a for the reaction®He +%Zn at E,,,2=10 MeV with the  process.
condition of a charged particle multiplicity of two. A peak at

E~6.5 MeV is evident in the spectrum. The peak position

moves with angle and, according to kinematical calculations,

it corresponds tar particles emitted afterr2transfer to form The fusion excitation function was extracted by measur-
66zn". The In transfer channel cannot contribute to the peaking the contribution of each radioactive E.R. produced in the
since the excitation energy, owing to the smallgf,, is not  reaction. In fact statistical model calculations performed with
sufficient for charged particle emission frofizn” (notice ~ CASCADE predict that the contribution of stable E.R. is, at
that we are looking at events having charged particle multiimost, 3% of the total cross section. As we will see in the
plicity 2). Not only a-p and a-a events can be produced in following, the extracted E.R. cross section agrees rather well
2n transfer reactions but alse-n which cannot be detected with the CASCADE predictions with the exception of one
in the experiment but can contribute to the production ofnuclide, %°Zn.

1000

do/dQ(mb/sr)
)
o

C. Fusion excitation function
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FIG. 5. Energy spectrum of events with charged particle multi- E‘ b)
plicity 2 at backward angles for the run B, =9 MeV. The sym- S r ®Zn>%Cu
bols represent the contribution of fusion evaporation events calcu-.g‘ 05
lated using a Monte Carlo statistical code. £
<

Typical yields of x rays measured off-line for the reaction

5He +54Zn are shown in Figs.(@) and &b). Figure §a) was 0.3
obtained in a measurement of a few hours performed abou

1 h after the end of the activation. From the x-ray energy one

can clearly identify the I contributions due to the decay of -
Ga and Zn isotopes. As one can see, the background leve

(not subtracted in this figuyés very small. Data correspond-

ing to the same target, and collected over 2 weeks, about .
months after the end of the activation are shown in Fg) 6

after background subtraction. As one can see, the contribu- - & (a) X-ray energy spectrum for the first target in the

tion of the short ”Yed Ga iSthp_eS is no Iong.er presemstack, measured 1 h after the activation run ended.Kihkénes of
whereas .by measuring fc_:r a sufficiently Io.ng period of time,7, and Ga isotopes are well above backgroui.X-ray energy
the contribution of long lived Zn and Ge isotopes becomesypectrum for the first target in the stack, measured about one month

evident. ) ) _ _after the activation run ended. The contribution of the short lived
X-ray energies characterize different elements but not difGa isotopes is no longer evident.

ferent isotopes. However, in the present case, it was possible

to discriminate isotopes by monitoring the activity of eachK, fluorescence probabilitj25] (the analysis was performed
element as function of time. An example is shown in Fig. 7only on theK, lines) we extracted the cross section for the
for Ga isotopes. One can clearly see two contributions due tproduction of each E.R.

the decay of’GaTy,=3.26 days and another shorter lived ~ The reaction*He +54Zn was measured in the late 1950s
isotope. As shown in Fig. 7 the activity curve of Ga isotopesand 1960s using a radiochemical metH@6,27]. However

can be reproduced by assuming the simultaneous contribtihese two data sets are not in agreement. Following the pro-
tion of ¢7®%Ga in agreement with CASCADE predictions. cedures discussed above, we analyzed our data’Her
Following this procedure we unfolded the contributions of+%4Zn identifying the same E.R. found in Ref&6,27, 'Ge

the different E.R. The residues produced have half livesand ®’Ga, corresponding to the decay chaimsahd Ip, re-
ranging between 1 h and almost one year as shown in Tabkpectively, as also predicted by statistical model calculations.
Il. The activity of the long lived residues was monitored for In our case the extracted fusion cross sections “de
about one year after the end of the experiment. +54Zn are in good agreement with the data of Ref].

From the fits of the activity curves as a function of time  For the reactiorPHe+%Zn the identified heavy reaction
we extracted, for each residue, the activity=0 (i.e., at the products are the ones shown in Table Il. Summing up the
end of the activation ryn Then, knowing the current inci- contribution of each nuclide we obtained the excitation func-
dent on the target as function of time, the thickness of theion (open diamondsshown in Fig. 8a) compared with the
different targets, the total x-ray detection efficiency, and theexcitation function for*He +54Zn (closed triangles The er-

7 8 9 10 11
E(keV)
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FIG. 7. Activity curve for Ga isotopes. The contributions of [ I
68Ga and®’Ga can be disentangled due to their different half-life.
. o ] 0.1 . ‘ .
ror bars also include the contribution, calculated with 0 0.5 1 15 2

CASCADE, of the stable E.R. not measured in the experi-
ment. From this comparison a strong enhancement of the Ecm/Ve

fusion cross section for the reaction induced by the halo FIG. 8. (a) ®He+%%Zn (open diamondsand *He+%4Zn (tri-
nucleus®He is observed. However, by comparing, at all theangles excitation functions obtained by summing up the contribu-
energies explored, the cross sections for the production dfon of all measured heavy reaction products. The closed diamonds
each E.R. with the predictions of CASCADE, it is evident correspond to the excitation function obtained by substituting the
that the strong enhancement is mainly due to the contributiomeasured>Zn contribution with the one calculated by CASCADE.

of a particular residue, i.€%°Zn. As an example in Fig. 9 we (b) The same excitation functions have been plottedodém
show the comparison between the CASCADE prediction and< R) vs E¢m/Ve. See text for details.

measured values & ,=10.55 MeV, where the measured

cross section for producinéfzn is the highest. A possible the fusion cross section for tifele induced collision appears

explanation for the much larger experimental yield®&n to be preseznt However if one plots the fusion cross section
with respect to the calculated one is that other reactior®> ol (mXR) versus En/V,, whereR is the sum of the

mechanisms are contributing to this particular channel. Both2dil of projectile and target and, is the Coulomb barrier,
one and two neutron transfer could in fact prod6@n. The the fusion excitation functions for the two systems appear to

two neutron transfer channel with its very hi@, s could be very similar. This is shown in Fig.(8).
produce an exciteffzn" (E" =Qyq.s~ Qopy Which then decays

O EXPERIMENTAL

by emitting light particles. One neutron emission fréfan" m CASCADE
will then produce®zn. In Fig. §a) we also show the exci- 350
tation function for®He +54Zn where the measurétizn con-
tribution is replaced with the one calculated by CASCADE =00 E.m=10.55 MeV _1{,
(closed diamonds Comparing this excitation function with 5 250
the one for the*He +54Zn reaction a small enhancement of E 20
©
TABLE II. Different identified evaporation residues for the first 150
target. 100 -
Residue Decay chain Ti 50 [
0- L
68Ge by 271 day 8BGg BGe %Ga 8527
68Ga Ip+1n 67.6 min
6'Ga Ip+2n 3.26 day FIG. 9. Comparison of the experimentally measured cross sec-
657 1la+1n 244 day tions of E.R.(dashed histograpwith the predictions of CASCADE

(full histogram) at E. ;, =10.55 MeV.
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10000 10
a)
g
—_ = .
2 1000 & e
£ L \ T
100 \\ﬁg‘\—x
e
0.01 ‘ ‘ ‘
0 50 100 150
10 T ec.m.(deg)
5 20
Ecm(MeV) FIG. 11. Elastic scattering angular distributions as shown in Fig.
2(a). The dashed lines represent the result of the optical model fit,
the full line represents the result of an optical model calculation
10000 where the parameters used are the ones showed in table | with the
exception ofry where it was usedy=1.0 fm.
b)
the first excited state & =0.99 MeV in the®¥Zn target and
1000 . the coupling to the first excited state of the projectile in the
= %He induced reaction. As one can see in Figs(@l@nd
£ 10(b), such calculations overestimate the measured cross sec-
[ tions for both systems. By reducing the radius parameter
from 1.2 fm to 1.0 fm a good agreement between the calcu-
100 lations and the experimental data are found. However, with
such radius reduction, the elastic scattering data are not re-
produced anymorésee Fig. 11 unless a very deep potential
; well is used(V=340 MeV). This is due to the previously
10 r mentioned Igo type ambiguitigg3].
5 1 20

O mMev)
IV. SUMMARY AND CONCLUSIONS

FIG. 10. (a) *He+%Zn excitation function. Full lineccruLL

; 64 ;
calculations using the optical model potential parameters extractetd In :}hls t[))aper afcomp(ljette .StUd){. OfttHiHe; Zn r?;;
from the elastic scattering. Dashed limeFuLL calculations using a lons has been periormed to investigate the efiects o

reduced ¢ value(see text (b) ®He +59Zn excitation function. Open stru<_:ture on Fhe reactipn mechanisms grognd the Coulomb
diamonds, experimentally measured excitation function. Closed dia@@rTier. Elastic scattering angular distributions were mea-
monds, excitation function obtained by substituting the experimenSured and the total reaction cross sections extracted by opti-
tal 85Zn contribution with the one calculated by CASCADE. Full cal model analysis. The reaction cross section for the system
line ccruLL calculations using the optical model potential param- He+%Zn was a factor of two larger than the one for the
eters extracted from the elastic scattering. Dashed tioeyLL cal-  “He+%%Zn system measured at the saffg,. The largest
culations using a reduceg value. fraction of the total reaction cross section is due to direct
processes such as transfer and breakup as found previously
We would like to underline that the strong contribution of in the SHe +2%Bi system[7].
857n gives an apparently large enhancement of the cross sec- The fusion excitation function was also measured using
tion similar to the one measured by Trotta al. for the  an activation technique. By detecting off-line the atomic
system®He +23%U [9]. As discussed, we concluded that the x-rays following the E.R. decay we studied, for the first time,
strong enhancement observed in Figa)d8s mainly due to  a fusion reaction induced by a light halo beam on a medium
transfer and not due to fusion. A new study of thde  mass target. In the energy range explored in this experiment,
+23% reaction(performed by the same group as RE#])  a strong enhancement of the fusion cross sectionSifte
where a detector covering a larger angular range was useiduced reaction compared féle induced reaction was ob-
showed that much of the fission cross section below the baserved. However, since the strong increase of the cross sec-
rier was due to transfer/fission rather than fusion/fisg8)  tion is due only to the contribution of a particular reaction
in agreement with the present result. product®°Zn, we concluded that other reaction mechanisms
Coupled channel calculations using potential parametersuch as f and 2 transfer are contributing to the measured
extracted from the elastic scattering analysis and the cod®Zn cross section. An excitation function, where the mea-
CCFULL [29], were performed in an attempt to reproduce thesured®Zn contribution was replaced by the one calculated
fusion excitation functions for the systermiBle+%%Zn and  with the statistical code CASCADE, does not show an en-
6He+%4Zn. We included in the calculations the coupling to hancement with respect to the one for tirée induced col-
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lision. A new experiment is currently planned to extend thethe detector shields used in the off-line x-ray measurements
energy range of the measured excitation function. The datand Dr. K. Hagino for providing the computer coderuLL.
presented clearly show that the off-line detection of x-raysThanks are also due to all the technical staff of the Centre de
following E.R. decay is a useful “tool” for studying fusion Recherches du Cyclotron at Louvain-la-Neuve for their help
reactions induced by light halo nuclei on medium mass tarduring the setting up of the experiment and the production of

gets.
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