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Direct and compound reactions induced by unstable helium beams near the Coulomb barrier
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Reactions induced by radioactie®He beams from the SPIRAL facility were studied 6%Cu and
188,190.198y5 targets and compared to reactions with the stAHk projectiles from the Mumbai Pelletron.
Partial residue cross sections for fusion and neutron transfer obtained from the measured intensities of char-
acteristic in-beamy rays for the®He+%3%%Cu systems are presented. Coincidence measurements of heavy
reaction products, identified by their characteristicays, with projectilelike charged patrticles, provide direct
evidence for a large transfer cross section with Borromean nfléteat 19.5 and 30 MeV arftHe at 27 MeV.
Reaction cross sections were also obtained from measured elastic angular distributffiitefeCu systems.

Cross sections for fusion and direct reactions Wiifhle beams on heavier targets'§f1%0s at 30 MeV are

also presented. The present work underlines the need to distinguish between various reaction mechanisms
leading to the same products before drawing conclusions about the effect of weak binding on the fusion
process. The feasibility of extracting small cross sections from inclusive in-beeay measurements for
reaction studies near the Coulomb barrier with low intensity isotope separation on-line beams is highlighted.
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[. INTRODUCTION ence of weak binding of the projectile. The larger radii of
, . i ... such nuclei and the coupling to low lying resonant states
Nuclei far from stability, characterized by small binding shoyid tend to enhance the fusion cross section. However,
energies and large values of isospin, exhibit a variety ofyredictions regarding the influence of the strong breakup
novel properties like extended wave functignof the va-  channels in these weakly bound systems on fusion have been
lence nucleo(s), a Borromean structur@ three-body bound  controversial. In a simple picture it could lower the fusion
system, where any of its two-body subsystems are unbpundcross sectioigas compared to a one-dimensional barrier pen-
and large breakup probabilities. These features are expectegration model due to loss of flux in the entrance channel.
to strongly affect the reactions with radioactive ion beamsContrary to this is the expectation that strong coupling to the
(RIBs) especially at energies near the Coulomb bar(ig) breakup channel would enhance the fusion cross section be-
[1]. The recent advent of facilities using the isotope separalow the Coulomb barrier. These contradictory predictions
tion on-line(ISOL) technique has opened up new opportuni-have been theoretically reconciled in RE2], where using
ties to measure and understand reactions with low intensitthe *'Be +**Pb system, it is shown that the effect of coupling
RIBs at energies neaf,. to continuum states is to enhance the complete fusion cross
Fusion studies with radioactive ion beams are currentlys€ctions below the barrier and reduce it above the barrier.

investigating the conflicting results/predictions of the influ- COmplete fusion is the total amalgamation of the target and
projectile. In practice, interpretation of complete fusion with

these neutron-rich weakly bound nuclei is difficult, both ex-
perimentally and theoretically, due to the occurrence of sev-
*Present address: Department of Physics, Florida State Universitgral different reactions at energies near the barrier, which

Tallahassee, Florida 32306, USA. result in products which can be misinterpreted as complete
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Gif-sur-Yvette Cedex, France. target and/or projectile without any mass transfer. Transfer is
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Investigations of the fusion process have been made wittransfer, and incomplete fusion. Very recently for the
stable weakly bound'Li [3-5] and °Be [6—8] beams and °®He+%Zn system, both residue and inclusive alpha particle
radioactive beams diHe [9,10, "***Be [11,12, *F [13],  measurements have been repori2d. In the present work

Al [14], and *°S [15]; however, with differing conclu- we have attempted to obtain a more complete understanding
sions about fusion enhancement/suppression, when coraf low energy reactions induced by the neutron-rich Bor-
pared with measurements with stable isotopes and/or couplegmean nuclei®®He, on both medium mas&°Cu and
channel calculations[2,16,17. This discrepancy arises pggyy!88190.19g targets, by relying on a model independent
mainly from the difficulty in interpreting the experimental comparison with*He induced reactions. In the case of the

results with weakly bound nuclei, due to the additional con-6. heam inclusive prompi-ray measurements have been

tributions to the cross section, arising from noncompound, oty med in order to obtain residue cross sectigfasion
processes discussed above which cannot be differentiated Ihd neutron transfigrand for the first time in a radioactive

all cases. . T
beam experiment, coincident measurements betwerays

In interactions of light neutron-rich radioactive beams : .
with medium mass targets, reaction products formed in fu—and light charged particles have been attempted to address

sion evaporation and other direct reactions mentioned abox)ge separation of fusion and neutron t_ransfer mechanisms. In
could be the same, due to the preponderance of charge pé le case ofHe, the weak beam intensity and the presence of
ticle emission from the compound system. This is not thearge background frorfiHe B~ decay precluded a successful
case with heavier compound systems which decay mainly b§|ngles measurement; however, coincidences between the
the emission of neutrongt may be difficult to differentiate  charged particles and characterisgicays could be observed.
between fusion-fission and transfer induced fission in fissilédditionally, elastic scattering angular distributions were
systemg Therefore, before interpreting results of fusion measured and analyzed for both projectiles to obtain the re-
cross section measurements with weakly bound projectiles, gction cross-section. In the case of the very tightly bound
is of paramount importance to ensure that the quoted fusiorHe projectiles, direct processes are expected to be weak in
cross section does not contain contributions from othethe energy range studied, and onhray singles were mea-
mechanisms. Striving toward a comprehensive understan@ured to obtain the complete fusion cross sections.
ing of low energy reactions with weakly bound projectiles  In the next section the experimental details are given, fol-
thus entails performing experiments to separate the differed@wed in Sec. Ill by a detailed description of the analysis of
mechanisms and measure their respective cross sections. the data to distinguish reaction products arising from com-
A related issue is connected to exclusive studies oPound and transfer processes, the main highlight of this
nucleon transfer with radioactive ion beams. Such measureNOI'k. The extraction of the reaction cross sections from the
ments are relatively spar§é8,19, due to the experimental €lastic scattering measurements allows us additionally to in-
limitation in disentangling elastic breakup and transfer. Studfer breakup cross sections through a subtraction procedure.
ies of transfer reactions, with Borromean nuclei, could pro-The results for the medium mass targets along with those for
vide a useful probe to understand pairing in finite fermionheavier targets, and their differences are then discussed. The
systems, like those in metal clusters, fullerenes, and supelnportant implications of the large transfer reaction contri-
conductors[20]. It is important to measure neutron transfer bution to the measured residue cross section are discussed in
cross sections and then try to understand the relative impoBe€c. IV followed by a summary of the work.
tance of breakup and transfer on the fusion process within a

coupled channel framework. Only estimates of neutron trans- Il. EXPERIMENTAL DETAILS

fer have been attempted from the measurement dirticles

in ®°He induced reactionf21,22. The ambiguity in the inter- The measurements witfHe beams, were made at the
pretation of the origin of the measured inclusiveparticles ~ 14UD BARC-TIFR Pelletron Accelerator Mumbai, in the en-
has been recently discussgz8]. ergy range 16 to 34 MeV. The intensities of the low lying

With light projectiles at low incident energies, direct de- characteristicy rays from the evaporation residuésR’s)
tection of residues is extremely difficult due to their low were measured, using four efficiency calibrated Compton
recoil velocities. Therefore, investigations of fusion crosssuppressed clover detectors, to obtain the complete fusion
sections have focused on prompt measurements through figkoss sectiong3,5]. The thickness of the rolled enriched
sion fragments[10,17 or y rays [3,5] or measurements °Cu and®Cu targets of 2.8 mg/cfnand 3.2 mg/crf re-
through decaya particles[4,9,14 or x-ray activity [22].  spectively, were obtained both by weighing and by measur-
These techniques yield precise measurements of the croi¥ the energy loss for alpha particles. Isotopically enriched
section for various residue@xcept in the case of fission targets of %81919%s having a target thickness of
measurements, where only a total fission cross section is o-60 mg/cm, 1.04 mg/cri, and 640ug/cn?, respectively,
tained. However, the separation of the different reactionwere prepared by electrodepositionsi mg/cnf Cu back-
mechanisms is often ambiguous as several mechanisms cigs [28]. The target thicknesses were estimated by measur-
populate the same nucleus. A complementary approach g the Rutherford scattering cross sections and also using
obtain direct reaction cross sections has been the measutise tracer method discussed [@8]. While the%190s tar-
ment of light charged particle spectra for projectiles’idie  gets were 99% enriched, th&0s had the following isotopic
[21,22, 878 [24—26, and®Be [27]. These studies are sen- composition: 86.7%, 9.51%, 2.46%, and 1.33% of
sitive to elastic breakup, which is not observed in the residué®®*#%19%1%s, respectively. The beam current was measured
measurements, but cannot distinguish between breaku a 1 mlong Faraday cup placed after the target.
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Radioactive beams;“He, were obtained from the re- g “He + Cu - 19.5 MeV
cently commissioned ISOL facility, SPIRAL at GANI[29]. O f.a ) ‘::Cu
The fragmentation of a 75 MeV/nucledfC beam on a _d [ .1 = "7Cu 4
. . . A thk o Ao i
thick graphite target was used to produce fif#tle ions 0 e e e
which were accelerated by the CIME cyclotron to 19.5 and 0 500 1000 1500
30 MeV for ®He and 27 MeV forPHe (typical energy reso- E (keV)

lution AE/E~1073). The ®He and®He beams, with beam o oa6 _
spot size of 5 mm and 8 mm full width at half maximum, G- 2. y-ray spectra fof He +*Cu. (@ Inclusive spectrum
respectively, had average intensities ok 107 particles/s [oF He+ Cu at 19.5 MeV and the spectrum gated with the pulsed
and 7x 10° particles/s. The intensity of theHe was mea- 08am showing the suppression of the background. All dominant

. . o . eaks are identifiedb) Spectra in coincidence with charged par-
sured using a Faraday cup with a current amplifier while ef . : )

- 2 ) . . icles detected in the annular Si detector ¥8He. The lines corre-
plastic S%m““ator of 2 n. dlame.ter was ”S?d to directly sponding to targetlike productarising from neutron transfer fol-
count the®He beam particles, the intensity being too low to .4 by evaporationare labeled.
be reliably measured with the Faraday cup. The electronic
stability of the current amplifier for a given measurementused to obtain the partial residue cross sections for the
was better than 1%. With the unstable beams of He, dat&®He+°°Cu systems which are shown in Figgagand 3b),
from the following reactions will be reporteHe+%3Cu at  respectively. The corrections, due to direct population of the
30 MeV: ®He+%Cu at 19.5 and 30 Me\PHe+%Cu at 27  ground states which is not accompaniedjpyay emission,
MeV: and®He +188:190.19%5 at 30 MeV. are expected to be small due to low spins of the nearby lying

The characteristigr rays from the heavy reaction products levels and have not been considered. The fusion cross section
produced in the reactions with®He were detected using is obtained from the sum of the cross sections for the various
eight clover detectors of the EXOGAM arr§30] placed ata residues. The same procedure was followed to obtain the
distance of 10.5 cm from the target. The charged particlesross sections for th&°He +5*Cu systems which are shown
were detected in a 500m thick annular Si detectqiactive in Fig. 4@ and 4b), respectively.
inner and outer diameters of 22 mm and 70 mm, respectively, For the fusion of*®He with the isotopes of Os, the cross
with 16 rings and 16 sectoysplaced at distance of 3.5 cm sections for the even-even ER’s were extracted from the ex-
downstream from the target. The energy resolution for 3Grapolated value of the intensity d&=0, obtained from the
MeV ®He nuclei was=300 keV. Some of the rings of this measuredy-ray intensities for various transitions in the
detector malfunctioned during the experiment, inducing gapground state rotational barj@]. Cross sections for the popu-
in the measured angular distributions. A schematic of thdation of the odd-even ER’s were obtained from the sum of
setup used at SPIRAL is shown in Fig. 1. the intensities of all the low lying transitions directly feeding

Figure 2a) displays the inclusive-ray spectra from the the ground state. For the case of fhte beam, the total cross
®He+%Cu reaction at 19.5 MeV. These spectra are the sursection was a sum ofr2 3n, and 4 channels. In the case of
of the spectra for all individual clovers operated in add-backhe ®%0s, corrections for the target impurities were made
mode. The bottom spectrum shows the significant reductionsing both the statistical model and measured intensities of
of the background obtained by gating on the peak of the timgamma transitions in nuclei produced solely by the impuri-
spectrum taken between the clovers and the CIME rf. ties[31]. The fusion cross sections with tide beams with

The intensities of the well studied low lying transitions  Os isotopes at 30 MeV were obtained from the measured
extracted from the measured inclusigeray spectra were cross section for themchannel. The small cross section of
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FIG. 3. (Color onling (a) Measured partial residue cross sec-
tions indicated by different symbols fdiHe+%°Cu system as a

FIG. 4. (Color onling (a) Measured partial residue cross sec-
tions indicated by different symbols fdiHe+5%Cu system as a

function of the center of mass energy. The lines are obtained usin[?j”Ction of the center of mass energy. The lines are obtained using
t

the statistical model codeascaDE (see text (b) Same as iria) for
the ®He+%Cu system. (c) Total residue cross section for
“He+%Cu (open symbols and ®He +%°Cu (filled symboly. Only

statistical errors are shown.

the 3 channel was not measured but was estimated from theestricted to fusion with heavy targets. As the EXOGAM
statistical modelcASCADE [32] using the same parameters array was still in an early stage of implementation a configu-
that explained the partial cross sections for the measuregtion with only partial Compton shielding, which permitted

a+0s systems and added to the measuredrdss section in
order to obtain the total residue cross section. Thhedhtri-

statistical errors are shown.

e statistical model codeascaDE (see texk. (b) Same as irta) for
the SHe+%Cu system. (c) Total residue cross section for
“He+%%Cu (open symbols and *He+%Cu (filled symboly. Only

a higher efficiency at the expense of lower peak to total ratio
[30], was used. The present work not only pushed down the

butions amounted to 22% and 5% of the fusion cross sectioHSabPIe intensity limit as compared to earlier wofBs] by

for the 18%0s and'®?Os targets, respectively. The errors in the
total cross sections arising from the measurements of th
beam current,y-ray efficiency, and target thickness and
knowledge of the spectroscopic information of the residue%v
have been estimated to be between 10% and 15% for tIBe

various projectile target combinations.

inclusive y-

ray measurements with a RIB, in this cd$te,

two orders of magnitude but also absolute cross sections
ere obtained from inclusive spectra using low energy ISOL
eams ofHe. Measurements using a low ene
three orders of magnitude lower in intensity than fitee
ere extremely challenging. Due to the insufficient peak to
ackground ratio, it was not possible to exploit the singles

beam

. data even when gated by the CIME rf. Based on the present
As can be seen from Figs(l3 and 4b), absolute cross o with improved Compton suppressighence also ac-
sections down to a few millibarns have been obtained fromye shielding of the backgroungand the full array, singles

v-ray measurements with even lower intensities will be pos-

for the first time. Such measurements are difficult primarilysiple. Measuring detailed fusion excitation functions around

due to the presence of large background in#fray spectra
as has been discussed in Rdf33,34. However, the deter-

the barrier with RIB’s is of course one of the goals of ex-
perimental programs such as this. We attempted such mea-

mination of absolute fusion cross sections in the presengurements foHe, but were unsuccessful due to the diffi-
work demonstrates the wide applicability of this techniqueculty of obtaining degraded beams of sufficient quality and
for nuclear reaction studies with low intensity RIB’s and thin intensity. Retuning the CIME cyclotron at several energies
targets at energies ne¥yg. Use of this technique expands the would have required a much longer beam time allocation.

scope of measuring fusion cross sections with RIB’s involv-

With the aim of deducing total reaction cross sections,

ing lighter targets. Measurements until now had been mainlyneasurements of elastic scattering angular distributions were
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250 — L A e weakly bound isotopes of He, direct reactignsutron trans-

o 200 B @ ] fer in this casgoccur with a large probability and result in
= 150 L ] products which could erroneously be attributed to fusion.
g I First we compare the cross sections of reaction products with
a 100 - *He + “Cu 7 statistical model calculations and deduce that the abnormally
% 50 @ Ecn=179MeV ] large cross section for a few specific channels is incompat-
= (o E.,=275MeV . ] ible with the fusion process. We then show that the energy

0 e spectra and angular distributions of the charged particles

i measured in coincidence with these channels are consistent
. with those of a neutron transfer mechanism.

o : E
° "® C°He+%Cu(E,=179)0,=1502mb \] 1. Statistical model analysis

0.01 Fa  “*He+*Cu(E,,, =184) 0, =1260mb

o Figure 3a) shows the residue cross sections as a function
-0 ‘He+“Cu(E,,, =27.5) o = 1614 mb

of the center of mass energy for thide +°°Cu system. The
lines in the figure are statistical model calculations for the
evaporation residues formed in decay®@®a with the code
CASCADE [32]. The level density formalism of Ignatyek al.

iy [35], with a level density parameter=A/9 was used. The

~ . ] transmission coefficients were taken from R¢86-3§ for

© 0.01 L® “He+®Cu (E =24 MeV); 6,=1862mb | the neutron, proton, and alpha particles, respectively. A
FA *He+%Cu(E_, =23.5MeV ); 6,=1360 mb ] Woods-Saxon shape was chosen for the angular momentum

distribution with a diffuseness off2and |, assuming a

0.001 : : :

5 15 25 35 45 barrier height and radius calcula}ted from_ systematics..As can
8 (deg) be seen from the flgur_e, the various p'artllal Cross sections are
cm reasonably well explained by the statistical model.
FIG. 5. (Color onling (a) a-particle angular distributions in The same sebf parameters was used to predict the partial

coincidence with the 185.9 ke transition in 86Cu for ®He cross sections for th@{e+65(:u system which are shown in
+65CU. The lines are Gaussian fits to the thaE'aSth angular F|g ab) Once again’ a good account of the partia' residue
distributions for’He+%°Cu and for*He +°°Cu (Ref.[42]). The lines  ¢ross sections is obtaineekceptfor the a-n evaporation
are calculations usingcisoz () Same as inb) for °He+*Cu and channel(®®Cu residug This discrepancy between the mea-
He+>Cu (Ref. [43]). Only statistical errors are indicated. sured(filled diamond and calculatedthick curve cross sec-
tions for ®®Cu is unexpected in a compound nucleus picture,
performed for the’He+%°Cu system at 19.5 MeV and 30 where ®Cu would not survive, as it would be sufficiently
MeV and the®He+%Cu system at 27 MeV. The angular excited to emit more particles. Hence the large cross section
range between 15° and 50° was covered and the measurést 6Cu must have an origin different from fusion evapora-
angular distributions are shown in Fig 5. The statistical errorsion.
are indicated in the angular distributions. For each reaction Similar results and calculations are shown for fi€u
Monte Carlo simulations, taking into account the finite sizetarget(Fig. 4), albeit only for the highes‘iHe energy. Again,
of the beam and the detailed geometry of the detector, werghe “He data are well reproduced. The only strong departure
used to obtain the center of mass angle and solid angle cofrom the statistical model calculation in the case of the
responding to each ring and sector. The simulation provide@He +3Cu system is for the production 8fCu,a-n channel,
the number of events and their expected energy, from a set @fs can be seen from Fig(hj, reinforcing the evidence for a
events generated following Rutherford distributions for thejarge noncompound contribution to these reactions.
different cases. The effects of energy and angular straggling
in the targets were also taken into account in the simulation.
The results of the simulation were checked through elastic 6 ) . )
scattering measurements on Os and W targets, where the & “He. The large prOdG%C“O” cross sections focu dis-
elastic cross section at 19.5 MeV for the angles measuregtssed above in theHe+°°Cu reactions can be further in-

follows Rutherford scattering. vestigated through particlg-coincidence events. Fig.(i
shows they-ray spectrum measured in coincidence with any

charged particle detected in the Si detector for the reaction at
Ill. ANALYSIS AND RESULTS 19.5 MeV. It is seen to be dominated by transition$5@u.
A representative charged particle spectrum in coincidence
with the 185.9 keVy rays from the first excited state fiCu
is shown in Fig. €) (full line). These charged particles can
As mentioned in Sec. I, for reactions induced by lightbe identified with alpha particles since they are in coinci-
neutron-rich projectiles, there exists an ambiguity betweermence with they ray from the decay of the first excited state
the products of fusion and those from direct reactions. In thiof ®°Cu, which is ana-n channel. This spectrum peaks near
section, we present evidence to show that in reactions witlQ=0 which is consistent with the semiclassical matching

2. Particle-gamma correlations

A. Products from direct and compound process
in medium mass targets
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3000 F -

T A 7 tribution atE;,=19.5 MeV is seen to peak near the grazin
(a) 16.2‘ (S,,) 9,1‘ ,,) lab p g d

y

0 = E*MeV) angle, while that at 30 MeV is forward peaked. Both angular
distributions are again consistent with those expected for a
He + %Cu i direct transfer process though, at 30 MeV no measurements
19.5 MeV were taken below the grazing angle.

The total neutron transfer cross sections were obtained
from the measured intensities from the inclusive gamma-ray
10 E (MeV) 19 spectra and were corrected for the small compound nuclear
Q. (-20)=15.2 contributions t0°°Cu at 19.5 MeV calculated with the code

e CASCADE The transfer cross sections for tfide +°°Cu sys-
tem at 19.5 and 30 MeV are 355+30 mb and 335+50 mb
respectively.

b. 8He. The inset of Fig. &) displays they-ray spectrum
from the®He +%3Cu reaction at 27 MeV in coincidence with
charged particles in the annular detector, which in this case
can be eithefHe or ®He. Similar to the case dHe +5%Cu,
the spectrum is dominated byrays from®*Cu. TheQ-value
1 spectrum for th&He +°3Cu system at 27 MeV in coincidence
Q,(-2m)=15.7 with the 159.1 keV transition to the ground state®gu is
0 L N N = W= shown in Fig. @b). The spectrum is broader than for tfée
10 20 30 40 case and can be understood as consisting of two components.

E (MeV) The high energy part has characteristics similar to those dis-
cussed for théHe +535%Cu systems earlier and is thus con-

FIG. 6. Charged particles measured in the annular Si detector.. - .
(@) In coincidence with the 185.9 key transition in®®Cu (full line) sistent with 21 transfer followed by neutron evaporation. The

and 1115.5 keV if°Cu (dotted ling for ®He +%%Cu at 19.5 Mev at  2dditional strength at lower energy can be explainedaby
0ap=35°. The yields have been corrected for efficiency and branchpart'cIes arising from ComPOEmd nuclear evaporation. "?'
ing of the gating transition. Inset shows the corresponding inclusivéjee_d',the low energy p_a” IS In reqsonable- agreement with
spectrum(b) 8He+53Cu at 27 MeV gated by the 159.1 keV transi- Statistical model predictions far particles emitted from the
tion in ®“Cu at f,,=37°. The gray curve is a calculatedevapora- compound systerfshown by the dotted histogram in the Fig.
tion spectrum using a statistical model. The ground s@atalues ~ 6(b)]. (Another theoreticallyf41] possible origin of the low
(Qgy and the neutron separation energi) in the residual €nergy part could be alpha Pfi_‘rtides arising frorrr_gréns- _
nucleus in a two-neutron stripping reaction are indicated. fer to the target; however, this cannot be quantified in this
experiment due to lack of particle identificatipiue to the
condition for neutron transfetexpected to peak nea® large y background from theg™ decay of the’He beam to
=Qopt=0) [39. excited states in Li in the singlesspectra no reliable values
Considering the large spectroscopic factor for the2n  of absolute cross sections for the neutron transfer could be
configuration of the ground state 8fle [40,41] this spec- obtained for this system.
trum is interpreted as arising from a Zransfer leading tav The present measurements of the characterigti@ys
and®’Cu*. As seen from Fig. @), the peak of the&Q-value  from heavy products in coincidence with projectilelike
spectrum is well above the one-neutron thresi®jdn 8’Cu  charged particles fof®He along with the statistical model
and is consistent with the observed large cross section for th@nalysis presented are a direct evidence for the large transfer
1n emission channef®Cu and the absence &fCu [Fig.  cross sections with radioactive beams at energies near the
3(b)]. The population of°Cu expected for excitation ener- Coulomb barrier.
gies aboves,,,, confirmed by the observe@-value spectrum
gated by the 1115.1 key rays from®®Cu, is displayed as a
dotted curve in Fig. @). Thus, these measure@-value An important contribution to the reaction cross section
spectra are consistent with a two-neutron transfer followednduced by°He is the direct breakup of the projectile into
by evaporation. Given the unbound nature’de, these re- particles and neutrons, which are not captured by the target.
sults could be also explained by contributions from bath 1 The limited coverage and particle identification capability of
and 2 transfer. Only a direct measurement of the energieshe silicon detector precluded us from performing a direct
and angular distributions of the emitted neutrons could leagneasurement of the total-particle cross section. Therefore,
to an assessment of the relative contributions of one-neutrowe have inferred the breakup cross section as the difference
and two-neutron transfer. between the total reaction cross section and the total residue
The interpretation of th&-value spectrum in terms of cross section, which, as shown above, consists of both fusion
direct transfer is further supported by the angular distribu-and transfer.
tions for « particles in coincidence witly rays from the first The reaction cross sections wiHe beams were obtained
excited state of°Cu which are shown in Fig.(8). Despite  from the measured elastic scattering angular distributions at
the fragmentary nature of these distributions, due to thd9.5 and 30 MeV and are given in Fig(h. The reaction
missing ring signals of the silicon detector, the angular discross sections for théHe beam are quoted from previous

2000
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300

3 63
He + “Cu

200 27 MeV ]
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100 |

3. Estimate of breakup cross sections for tfkle beam
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works[42,43. The reaction cross sections were obtained for 1000 1 grigregeeea
58He by fitting the angular distributiofFigs. §b) and 5c)] COHe+™0s . 133 7.6 < E*(MeV)

usingecis97[44] with real and imaginary potentials having a - 30MeV Sy Sy
geometry similar to Refs[42,43. For example, in the -
®He+%°Cu system at 30 MeV, the parameters for the depth,
radius, and diffuseness of the real and imaginary part of the
nuclear potential were 118.7 MeV, 1.13 fm, and 0.47 fm and
25.4 MeV, 1.194 fm, and 0.158 fm, respectively. Since the I
present measurements extend to angles large compared to the I b
grazing angle, the extracted reaction cross sections can be
considered to be relatively well determined. The reaction 0 F‘-|_ i S N | 2= R
cross sections for the exotic isotopes were found to be larger 10 20 30 40 50
than for “He, reflecting the weak binding &f®He, which E (MeV)
leads to large cross sections for reactions like breakup and
transfer.

Plotted in Figs. &) and 4c) are the sums of the measured
partial cross section for tH#e +536%Cu systems. These rep-

resdem’ asf shown in th? earl_ll?g SSCUOI?’ a sum of th,e fus'ogiency and branching of the gating transition. The ground sgate
an transfer cross .sectlons. € breakup cross sections w zﬁues(Qgg) and the neutron separation enerdigg in the residual
inferred from the difference between this sum and the calcua cjeus in a two-neutron stripping reaction are indicated.

lated reaction cross sectigignoring the small inelastic con-

tributions to the reaction cross sectipnBreakup Cross Sec- 44, 18819 .
tions are thus estimated to be 210 mb and 280 mb for "€V Os systems at 30 MeV are reported in Table |.

SHe+%5Cu at 19.5 and 30 MeV, respectively. The uncertaint;/o‘s can be seen, the direct reaction cross sections Siith

in these derived breakup cross sections was estimated to D 'Cf; in this case refer to thﬁ lsum otfhlnelﬁlhstlc an_c:HnHebu;ron
15%, this also includes uncertainties arising from the calcyy @NSIEr Processes, areé much farger than those wi

lated reaction cross sections. These breakup cross sectio ga}‘rgHTrE)e fusmr;cross S.ﬁ%t.'ons arle tfoundtLO be comtparaile
are smaller than the neutron transfer cross sec{i8b5530) or € beams. AS we will dISCuss 1atef, in the present wor
mb and 3380) mb at 19.5 and 30 MeV, respectivély we are unable to distinguish between complete fusion and

which form the largest contribution to the direct reactionthe incomplete fusion of the alpha particle arising from
cross section. breakup. It should be noted that the large cross sections for

neutron transfer are a general feature with weakly bound
neutron-rich nuclei and have been observed with both me-
B. Measurements with heavy targets dium and heavy targets. Earlier measurements in the

As discussed in the earlier subsection, in the interaction 06|_|G+209E3i system were not able to detect this directly since
A . ’ {hese transfer reactions would in general populate nuclei very
weakly bound nuclei with medium mass targets, the cros

sections of some heavy reaction products contain contrib _Iose to stability making any decay measurement a non op-
. . y lon p Yimum choice. The present measurements highlight the ver-
tions both from direct interactions of the valence nucleons

with the target and from compound processes, making thsat|I|ty of using the measurement of in-beam gamma rays for

separation of the two processes challenging. In the heavie;ﬁrm detailed study of the reaction mechanism with low en-
P P ging. gy radioactive ion beams.

systems studied here using Os targets, charged particﬁa\r
evaporation from the compound system is negligible and
therefore neutron transfer reactions will lead to nuclei which IV. DISCUSSION

are not populated in fusion evaporatig‘r;. Slggc")"” in Fig. 71 The present measurements indicate that the neutron trans-
the charged particle spectrum from thde+Os reaction  fer cross sections are larger than the breakup cross sections
in coincidence with the 186.7 keV transition ifOs (black oy interactions of®He on medium mass targets. This as-

line) and the 175.7 keV transition i1*Os (gray line. These  smes that all reactions where one or two neutrons are cap-

Q-value spectra which peak ne@=0 are also consistent yreq py the target can be labeled as transfer and not breakup
with transfer followed by evaporation. This figure shows fea-fo|jowed by fusion. In the literature “breakup fusion” or even
tures almost identical to those for the medium mass dis-

cussed earlier. The main difference with respect to the me-
dium mass nuclefcompare Figs. 6 and)7s the presence of
an additional contribution arising from inelastic scattering,
which results in the peak ne&=0 in coincidence withy 1880 1920y
rays from*®®Os. Coincidence spectra with other Os isotopes
were not observed due to limited statistics. Some technical
difficulties during this part of the experiment prevented the 44e 70Q70) 43(6) 78985) 47(6)
measurement of the absolute cross section for the s

®He+!%%s system. The measured cross sections for e el 26059 o e 26049

500 - a

Yield

_ Qgg (=2n) = +12

FIG. 7. Charged particles measured in the annular Si detector in
coincidence with the 186.7 ke transition in'°%0s (full line) and

the 175.7 keV transition if°*Os(gray line for *He +°®0s reaction

at 30 MeV atf,,=37°. The yields have been corrected for effi-

TABLE I. Fusion and direct reaction cross sectigns) mea-
sured for*®He +188190s systems at 30 Mesee text for details

Y Odir O Odir
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“breakup stripping[25] reactions have sometimes been dis-have escapgdThis is important to consider when theoretical
cussed, the precise definitions of these reaction mechanismsiedictions are to be compared with the data.

and their differences are not straightforward to apprehend. It In studies of fusion with weakly bound neutron-rich nu-

is not fully clear, how it will be possible to distinguish these clei, capture of the neutral fragment by the target is often not
experimentally, or even conceptually, either among themconsidered. The present study shows that the cross section
selves, or from what is generally labeled as transfer to theor the capture of the neutrs) is large and arises from a
continuum. In this work a large cross section is observed fogjirect procesgtransfey. These events lead to nuclei which,

reactions in which one or two neutrons are captured by thé, the case of medium mass targets, can also be formed in

target and the energy and angular characteristics of the Ou&nmplete fusion, emphasizing the need for identifying the

going a particle are reminiscent of a direct process. Sucr}nechanism of residue productiofdirect or compoung
reactions are referred to as transfer in the present work. The - 4 oo stions involving light neutron-rich RIB's. In
other terminologies may be more appropriate for weakly :

bound stable projectiles lik&'Li which break up into two general it .iswro_ng to equate the total r_esidt(ge)r fission
well defined charged clusters, one of which one can be ca gross section with the fusion cross section. Figure and

tured by the target 4(c) show the sum of the measured residue cross sections for
The measured .Iarge cross sections for thisnatched the*®He + Cu systems and as detailed abovefte induced

transfer channel does imply a strong coupling strength to thgeactions, these include in addition to fusion a large contri-

. o9 . i i 4
elastic channe]39]. Neutron transfer reactions involving nu- bution from transfer. Thus a comparison e and"He
clei near the drip line, with large positiv@ values, are ex- reactions made without separating the direct reaction contri-

pected to have a strong influence on the fusion propéss  bution, would lead to erroneous conclusions about the effect
The present results could lead to the expectation of strongf weak binding on the fusion process. In the case of nonfis-
couplings to transfer channels resulting in increased fusiosioning heavy compound systems, lfkée+Os systems, the
cross section at energies below the barrier for reactions witlransfer products can be easily differentiated from those
neutron-rich RIB’s. As mentioned earlier, the motivation of formed by compound nuclear processes, as long as the
this work was to understand in a model independent way theharge of the residue is measured. In heavier fissioning sys-
effect of small binding energy of the valence neutrons, bytems the segregation of compound and direct processes also
means of comparison with the corresponding stable, tightlyequires exclusive measurements. Recent remeasurements
bound isotope. State of the art coupled channels calculatiorfer the ®He +2%%U [46] system corroborate this fact, whete
[2,16,17 for fusion, incorporating the effect of breakup, particles measured in coincidence with fission fragments
have not yet taken into account coupling to the transfer charshow large cross sections fareutron transfer induced fis-

nel for a three-body system lik#e with relatively largeA  sion which contributed to the earlier quoted fusion-fission
targets. It is our intention to motivate calculations in thiscross section§l0].

direction by demonstrating the possibility of such exclusive V. SUMMARY

experiments(as in the present casand the large transfer )

cross sections. The significant cross sections of transfer re- In summary, we have presented results for fusion, trans-
actions with RIB's at energies near the Coulomb barrierfer, breakup, and elastic scattering bt *He on (medium
make it a feasible probe to investigate the structure of thesB1as$ Cu and(heavy Os targets near the Coulomb barrier.
weakly bound nuclei, e.g., the relative cross sections for 1 The feasibility of measuring small cross sections usitogu-

and n transfer could provide an insight into the spatial cor-Sive in-beamy-ray measurements with low intensity ISOL

relations of the valence neutrons in Borromean nuclei and€@ms in conjunction with highly efficient arrays has been
pairing properties. demonstrated. Large neutron transfer cross sections were ob-

Investigations using weakly bound stable nucjgj]  tained through direct measurements, and were found to be

have found that for reactions with heavy targets, completéarger than those for breakup. The importance of identifying
fusion is “suppressed” at above barrier energies. For mediuf@nd delineating the mechanisms of residue formation for un-
mass targets, this suppression was predicted to be small@erstanding fusion with RIB's has been clearly illustrated.
[7]. For reactions with RIB's, fusion may be affected in a Kinematically complete experiments including the measure-
similar way, although the extended matter distributions ofment of neutrons are now necessary to distinguish between
drip-line nuclei could lead to increased fusion and thus com¢ompound and direct reactions and also between one- and
pensate for the reduction due to breakup. In the present meB¥o-neutron transfer processes, in order to advance toward a
surement of fusion witfiHe on medium mass targets, a sup- More complete picture of low energy reaction dynamics with
pression with respect to the stable isotope is not observed. eutron-rich projectiles.

must be noted that products from the capture of the charged

fragment(*He) arising from breakup ofHe could not be ACKNOWLEDGMENTS
separated from the complete fusi¢iHe+Cu events. The The authors thank the accelerator staff, G. Voltolini, and J.
ratio of the various ER’s formed is similar in the two, given Ropert for their excellent technical support, and acknowl-
the energetics of breakup 8ifle and theQ values involved. edge Th. Daras of Centre de Recherches du Cyclotron,
Therefore we stress that what is labeled “fusion cross sed-ouvain-la-Neuve for developing and providing the current
tion” in the present work foPHe projectiles is in reality the amplifier. The help of R. Tripathi, S. Sodae, B. S. Tomar, and
sum of the complete fusion cross section and the incompletd. Mahadkar in preparation of the targets is gratefully ac-
fusion cross sectiolia+target, where one or two neutrons knowledged.
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