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PACS: 24.10.Eq, 24.50.+g, 25.70.Mn, 25.70.Hi
1 Introdu
tionRea
tions involving nu
lei far from stability at energies around the Coulombbarrier provide an ex
ellent tool to study the novel properties of exoti
 sys-tems. The in
rease in intensity of radioa
tive ion beams a
hieved along thepast two de
ades has 
ontributed de
isively to the improvement of the a

u-ra
y of these experiments. One of the exoti
 nu
lei that has re
eived moreattention in re
ent years is the 6He. Its interesting Borromean stru
ture, 
on-sisting of an α 
ore plus two-weakly bound halo neutrons, and its relativelylong half-life (807 ms) makes this nu
leus an ex
ellent 
andidate for this kindof experiments. Rea
tions indu
ed by 6He on several targets [1,2,3,4,5,6℄ atenergies around the Coulomb barrier exhibit some 
ommon features, su
h asa remarkably large 
ross se
tion for the produ
tion of α parti
les. This e�e
tis 
learly asso
iated with the weak binding of the halo neutrons, that favorsthe disso
iation of the 6He proje
tile in the nu
lear and Coulomb �eld of thetarget.To pla
e our work in the appropriate 
ontext, we �rst review some re
ent ex-periments with 6He at Coulomb barrier energies. In the work of Aguilera et al.[1℄ a simultaneous analysis of the elasti
 and two-neutron removal 
hannels forthe 6He+209Bi rea
tion revealed that, at energies below the Coulomb barrier,the rea
tion 
ross se
tion is almost exhausted by the α 
hannel while the 
om-plete fusion 
ross se
tion is very small. In a more re
ent measurement of thesame rea
tion [2℄ in whi
h neutron-α 
oin
iden
es were re
orded, the authors
on
luded that more than half of the α parti
les produ
ed beyond the grazingangle arise from two-neutron transfer to unbound states of the 211Bi residualnu
leus. Similar 
on
lusions were a
hieved in an experiment done by Di Pietroet al. [3℄, where about 80% of the measured α parti
les 
oming out from therea
tion 6He+64Zn were identi�ed as 
oming from transfer or breakup. As afurther example, we mention the measurements of Navin et al. for 6He+65Cuat Elab = 19.5 and 30 MeV [4℄. The 66Cu yield is largely underestimated bystatisti
al model 
al
ulations, suggesting that an important fra
tion of theseprodu
ts have an origin di�erent from fusion evaporation. The observation ofthe 
hara
teristi
 γ rays from heavy produ
ts (su
h as 65Cu) in 
oin
iden
ewith proje
tile-like parti
les, 
on�rm that these other pro
esses 
ould be 1nand 2n transfer followed by evaporation.
∗ Corresponding authorEmail address: moro�us.es (A. M. Moro).2



Re
ently, Raabe et al. [5℄, measured �ssion fragments for the rea
tion 6He+238Uat energies around the fusion barrier. Based upon kinemati
al 
onsiderations,they 
on
luded that the large observed yield for �ssion below the barrier isentirely due to a dire
t pro
ess, the two-neutron transfer. Their 
on
lusionswere supported by 
al
ulations performed in the distorted wave Born approx-imation (DWBA) for the two-neutron transfer to ex
ited states of the 238Utarget.In this work, we present new data for the breakup of 6He on 208Pb at energiesaround the Coulomb barrier, measured at the CYCLONE RNB fa
ility atthe Centre de Re
her
he du Cy
lotron (CRC) of the Université 
atholiquede Louvain (UCL), Louvain-la-Neuve, Belgium. The elasti
 s
attering datafrom the same rea
tion has been analysed and presented before [7,8,9℄. A
omprehensive opti
al model analysis of these data revealed the existen
e ofa long-range absorption e�e
t, whi
h is a 
lear indi
ation of the presen
e ofrea
tion me
hanisms that remove �ux from the elasti
 
hannel at distan
es wellbeyond the strong absorption radius. The same e�e
t has been also reportedin other rea
tions indu
ed by 6He [10℄ and by other weakly bound nu
lei, su
has 17F+208Pb [11℄. The in
lusion of a dynami
 polarization potential (DPP)in the phenomenologi
al proje
tile-target intera
tion showed that part of thislong-range absorption e�e
t arises from the distortion produ
ed in 6He dueto the intense dipole Coulomb intera
tion [12℄. The phenomenologi
al opti
almodel required a very large imaginary di�useness in order to reprodu
e theelasti
 data even after the in
lusion of the DPP. Thus, the nu
lear intera
tion
ontributes also to this long-range absorption.Given the dominan
e of the 4He 
hannel in these low energy rea
tions, itis plausible to suggest that the me
hanisms responsible for the produ
tionof these fragments are also responsible for the long-range absorption e�e
t.Guided by this motivation, in this work we present an analysis of the two-neutron removal 
hannel measured in the same experiment. In this experi-ment, the energy and s
attering angle of the α parti
les emitted at ba
kwardangles were re
orded. The purpose of this work is to understand the rea
tionme
hanisms whi
h are relevant in the 
ollision of 6He on 208Pb, by examiningthe angular and energy distributions of the α parti
les produ
ed in the 
ol-lision. To do this, for ea
h beam energy, the angular distribution as well asthe angle-integrated energy distribution of the α parti
les have been evaluatedand 
ompared with theoreti
al 
al
ulations.The paper is organized as follows. In se
tion 2 we des
ribe the experimen-tal setup and analysis method, and dis
uss general features of the measuredobservables. In se
tion 3, we 
ompare these observables with theoreti
al 
al
u-lations performed with the transfer to the 
ontinuum method, dire
t breakup
al
ulations using 
ontinuum dis
retized 
oupled-
hannels 
al
ulations, andneutron transfer 
al
ulations in DWBA. In se
tion 4 we dis
uss our results3



and 
ompare them with previous works. Finally, in se
tion 5 we present thesummary and outlook of this work.2 Experimental setup and analysis pro
edureThe s
attering of a 6He beam on a 208Pb target was studied at the radioa
-tive beam fa
ility of the CRC/UCL at Louvain-la-Neuve. The 6He beam wasprodu
ed by the 7Li(p,2p)6He rea
tion in a LiF powder target with a graphite
ontainer. The atomi
 beam was ionized in an ECR sour
e, puri�ed by mag-neti
 separation and rea

elerated in the CYCLONE110 
y
lotron at theCRC/UCL. This te
hnique provides a highly pure beam, essentially free of
ontaminants. The only 
ontaminant ever observed in this beam has been re-ported in the the work of Miljani
 et al. [13℄ where 4He1H+
2 ions were observedas an impurity in a 17 MeV 6He beam with a ratio of intensities of 1:5400.For the angular range 
overed in the present experiment, the 
ontribution ofthis impurity turned out to be negligible. The 6He beam was produ
ed atlaboratory energies of 14, 16, 18 MeV within the �rst harmoni
 of the a

el-erator with an average intensity of 4·106 ions per se
ond and at 22 MeV atthe lowest limit of the se
ond harmoni
 with an intensity of 1.5·105 ions perse
ond. A high intensity 4He beam at laboratory energy of 12 MeV was usedfor normalization of the elasti
 
ross se
tion.The elasti
 data obtained from this experiment are published elsewhere [9℄.We brie�y review here the main features of the setup. For a more detaileddes
ription of the experimental setup we refer to previous publi
ations [7,9℄.The size of the 4,6He beams were redu
ed by passing the beam through a setof two 
ollimators of 5 mm and 7 mm diameter with the latter at 400 mmfrom the target. The targets 
onsisted of self-supporting foils of enri
hed 208Pb(87%) mounted on a movable ladder with a thi
kness of 0.950 mg/
m2 for the12 MeV 4He and 14,16,18 MeV 6He beams and 2.080 mg/
m2 for the 22 MeV

6He beam. The latter was used to 
ompensate for the low intensity of thebeam.The rea
tion produ
ts were measured using four LEDA dete
tors in the stan-dard form and six LEDA dete
tors in the LAMP 
on�guration 
overing anglesin the forward dire
tion from 5◦ to 65◦. For a detailed des
ription of the perfor-man
e and e�
ien
y of these dete
tors see [14℄. In the ba
kward dire
tion, themost relevant for this analysis, the DINEX teles
ope array [15,7℄ was pla
edat a distan
e of 37 mm and 42 mm from the 0.950 mg/
m2 and 2.080 mg/
m2thi
k 208Pb targets respe
tively. The DINEX teles
ope 
overed therefore dif-ferent laboratory angles for the di�erent targets ranging from 136.3◦ to 166.6◦for the thin target and from 131.8◦ to 164.5◦ for the thi
k target of 2.080mg/
m2 used only for the 22 MeV 6He beam. The DINEX array 
onsisted of4



four quadrants forming a CD [15℄, ea
h 
omposed of single sided Si strip de-te
tors (∆E) 40 µm thi
k with sixteen radial strips sta
ked in a 500 µm thi
ksingle PAD Si-dete
tor. Ea
h strip subtended an angle of about 2◦, althoughthis value depends on the s
attering angle.The energy 
alibration was performed using a triple alpha sour
e for the frontsingle sided Si strip dete
tor of the teles
ope. The teles
ope as a whole was
alibrated using the elasti
 s
attering peaks of the 4He and 6He beams from the
208Pb target at di�erent energies below the Coulomb barrier where the elasti
peak at ba
kward angles still has signi�
ant statisti
s. To evaluate the energylosses of the beam and eje
tiles in the di�erent media, i.e. target thi
kness anddead layers of the front and ba
k dete
tors, a simulation programme developedby R. Raabe [16℄ and adapted to the geometry of our setup was used. Theenergy losses of the 4,6He ions were 
al
ulated in tables using SRIM [17℄ andinserted into the simulation programme. The fa
t that the intera
tion regionhad a �nite size, was also taken into a

ount in the simulations.In order to obtain the energy of the eje
tile we �rst added the signals fromthe two dete
tors of the teles
ope, ∆E and E. The latter was multiplied bya mat
hing 
onstant α(θ) that depends on the relative gain of the di�erentele
troni
 
hains (see [9℄ for more details). Then we used the energy of theelasti
 peaks of 4He at 12 MeV and 6He at 14, 16 and 18 MeV to 
alibrate thetotal teles
ope signal.The DINEX teles
opes allow mass and 
harge separation of the rea
tion prod-u
ts. A typi
al mass spe
trum, ∆E versus total energy, ET , obtained with theDINEX array for a 6He beam energy of 22.0(1) MeV and θlab = 144◦ ± 1◦ isshown in Fig. 1. Using these 
alibrations and the mass and 
harge separationobtained with the teles
opes we are able to identify the energy distribution ofthe breakup produ
ts as well as the elasti
 
ounts in every ring (θi), as shownin this �gure. The energy loss in the 40 µm thi
k ∆E dete
tor is displayedversus total energy. The elipsoids sele
t the elasti
 and breakup events used inthe analysis. The low energy sele
tion 
orresponds to protons. The ba
kgroundevents are remarkably low 
onsidering that no 
ondition beyond 
oin
iden
ebetween the front and ba
k dete
tors of the teles
ope is applied.We obtained the breakup 
ross se
tion by making use of the ratio of breakup toelasti
 events seen in the teles
opes. To have reasonable statisti
s, we groupedthe breakup events in 1 MeV bins. Then, we evaluated for ea
h dete
torstrip θi and for ea
h energy bin Ei the ratio of breakup to elasti
 events
Nbu(θi, Ei)/Nel(θi). Note that un
ertainties asso
iated with beam intensity,solid angle, e�
ien
y of the ele
troni
 
hain or target thi
kness disappear inthis ratio. When we add these ratios for all the energy bins, we obtain the ratioof breakup to elasti
 
ross se
tions as a fun
tion of the s
attering angle. Theseratios are shown in Fig. 2, as a fun
tion of the laboratory s
attering (LAB)5



Fig. 1. Two dimensional plot of the 22 MeV 6He s
attered from a 2.08 mg/
m2

208Pb target at laboratory angle of 144(1)◦. The regions en
losed by solid lines
orrespond to the 6He and 4He events. The plot in
ludes all events in 
oin
iden
eswith multipli
ity ≥ 1 to stress the low ba
kground level. Therefore one 
an see eventsfully stopped in the ∆E dete
tor 
orresponding to α's from the grand-daughter of
210Pb and 234Th present in the target in very small amount. The 
ount rate was lessthan two α parti
les every 10 min for this angular 
overage.angle , at several beam energies. It is noti
eable that, at Elab = 22 MeV, theyield of α fragments ex
eeds the elasti
 ones by a fa
tor of ten. As dis
ussedin the introdu
tion, this large α 
ross se
tion has been reported for other rea
-tions indu
ed by 6He on several medium-heavy targets, su
h as 65Cu [4℄, 64Zn[3℄, and 209Bi [1℄.The breakup double di�erential 
ross se
tion, with respe
t to the angle andthe energy of the α parti
le, depends on energy and angle, and 
an be relatedto the ratio of the number of 
ounts and to the elasti
 di�erential 
ross se
tionby the following expression:

d2σbu

dEdΩ

∣

∣

∣

∣

Ej ,θi

=
Nbu(θi, Ej)

Nel(θi)

1

∆Ej

(

dσel

dΩ

)

θi

(1)where ∆Ej = 1 MeV is the bin width. The di�erential elasti
 
ross se
tion forthe di�erent laboratory angles are taken from [9,18℄.If this expression is integrated over the energy of the breakup fragment, oneobtains the di�erential breakup 
ross se
tion, as a fun
tion of the s
attering6



angle, whi
h is given by:
dσbu

dΩ

∣

∣

∣
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j=Emax
∑

j=Emin

Nbu(θi, Ej)

Nel(θi)

(

dσel

dΩ

)

θi

. (2)These di�erential 
ross se
tions are presented in Fig. 3. Errors bars 
orrespondto statisti
al errors. It should be noted that the breakup di�erential 
ross se
-tions are highest around the Coulomb barrier (E = 18 MeV), and they de
reaseboth at lower energies and higher energies. However, for 14 MeV, whi
h is wellbelow the barrier, the breakup 
ross se
tions are still sizeable. This indi
atesthat the me
hanism produ
ing alpha parti
les is e�e
tive for proje
tile-targetseparations as large as 17.3 fm, whi
h 
orresponds to the distan
e of 
losestapproa
h for a head-on 
ollision at this energy. This me
hanism, indeed, willbe a sour
e of the long range absorption whi
h we have seen in the analysisof elasti
 data.Similarly, if, for ea
h energy bin of the α parti
les, the double di�erential
ross se
tions are integrated with respe
t to the angle, over the angular range
overed by the CD dete
tors, one gets a breakup di�erential 
ross se
tion asa fun
tion of the energy, whi
h is given by
dσbu

dE

∣

∣

∣

∣

Ej

≈
i=16
∑

i=1

2π sin(θi)
∆θi

∆Ej

Nbu(θi, Ej)

Nel(θi)

(

dσel

dΩ

)

θi

. (3)These 
ross se
tions are presented in Fig. 4.Our purpose is to understand whi
h me
hanism is responsible for the largeprodu
tion of α parti
les. The fa
t that the α parti
les are produ
ed withrelatively large energies, that in
rease with the proje
tile energy, leads usto 
on
lude that the pro
ess should be a dire
t one, and not a 
ompoundnu
leus formation. Within the dire
t me
hanism pi
ture, we 
an 
onsider threeme
hanisms:a) Transfer to the 
ontinuum: As the 6He nu
leus gets 
lose to the target,it leaves the two neutrons with low kineti
 energy with respe
t to the 208Pbtarget, and the remaining α parti
le es
apes. If this is the 
ase, we wouldexpe
t that the α parti
le would have an energy distribution 
entered aroundthe energy of the elasti
ally s
attered 6He.b) Dire
t breakup: The 6He nu
leus breaks up in the �eld of the target and itgoes to a 
ontinuum state with low ex
itation energy. In this 
ase, we wouldexpe
t that the α parti
le (and the neutrons) to have a similar velo
ity to theelasti
ally s
attered 6He, and hen
e its energy would have a broad distributionaround 4/6 of the energy of 6He.
) Neutron transfer: One of the neutrons of 6He is transferred to the target,7
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Fig. 2. Ratio between the measured 4He and 6He events, as a fun
tion of the labora-tory s
attering angle, at several bombarding energies. The angular range at 22 MeVis di�erent to that 
overed at energies below the Coulomb barrier due to di�erentpositioning of the target. See se
tion 2 for more details. Errors bars 
orrespond tostatisti
al errors.produ
ing a bound state of 209Pb and leaving 5He in a broad resonan
e, thatrapidly de
ays produ
ing 4He. In this 
ase, the kineti
 energy of the 5Heresonan
e, although dependent on the Q-value, would be similar to that ofthe elasti
ally s
attered 6He (for Q ≃ 0), and the alpha parti
les would havea broad distribution around 4/5 of the energy of 5He.It should be noted that, in our work, dire
t breakup, 2n transfer and 1ntransfer 
orrespond to di�erent approa
hes to des
ribe the me
hanism thatprodu
e alpha parti
les, rather than to di�erent rea
tion 
hannels. From thetheoreti
al point of view, these three me
hanisms des
ribe the removal of thevalen
e neutrons in 6He, but they do not lead ne
essarily to di�erent �nalstates. They should be seen as di�erent approa
hes to a very di�
ult 4-bodyproblem (α + n+ n+ 208Pb) whi
h 
annot be solved a

urately. Ea
h of thesemethods emphasize a di�erent way in whi
h the fragmentation is produ
ed. Inthe dire
t breakup method, one assumes that the 6He is broken up by ex
itingthe neutrons to 
ontinuum states with low relative energy with respe
t tothe α 
ore, and hen
e a representation in terms of the 6He 
ontinuum statesis used. In the transfer to the 
ontinuum approa
h, it is assumed that thefragmentation o

urs by transfer of the valen
e neutrons to weakly boundstates of the target, and hen
e a target representation is preferred in this 
ase.Finally, the 1n transfer 
orresponds to an intermediate situation, in whi
h oneassumes that one of the neutrons is transferred to states of low relative energywith respe
t to the target, while the other remains in a low energy state withrespe
t to the alpha 
ore. Then, these approa
hes should be understood as8
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Fig. 3. Angular distribution of α parti
les arising from 6He fragmentation, in thelaboratory frame, for several in
ident energies. Experimental angular distributionsare 
ompared with transfer to the 
ontinuum (TC) 
al
ulations (solid lines). Thedistribution obtained at 22 MeV is also 
ompared with a dire
t breakup (DBU)
al
ulation, performed within the CDCC approa
h (dashed line), and a DWBA
al
ulation for the one neutron transfer (NT) leading to bound states of the 209Pbnu
leus (dotted-dashed line).extreme pi
tures that emphasize di�erent degrees of freedom of the breakuppro
ess, and not di�erent rea
tion 
hannels. For instan
e, it has been shown[19℄ that, if a large basis is in
luded in both the dire
t breakup and transferto the 
ontinuum representations, there is a strong overlap between the statespopulated in both methods. As a 
onsequen
e, the 
ross se
tions 
al
ulatedwithin the two approa
hes 
an not be simply added to obtain the total breakup
ross se
tion.It is apparent from Fig. 4 that the position of the energy peak is not 
onsistent9



with the expe
ted value in a dire
t breakup pi
ture, in whi
h the fragmentsare produ
ed with essentially the beam velo
ity. The results for this estimate,
al
ulated at θlab = 151◦, are shown by the arrows in Fig. 4. Noti
e that thesevalues are signi�
antly smaller than the measured energy of the α parti
lesand hen
e it is not expe
ted that the dire
t breakup model is suitable forunderstanding the present data.Under the assumption that the relative energy between the halo neutronsremains small during the pro
ess, the gain of kineti
 energy of the outgoing αparti
les implies that these neutrons are left with a small (or even negative,if they are transferred to bound states) relative energy with respe
t to thetarget. Energy 
onservation demands that the available kineti
 energy is usedto ex
ite the target, or to a

elerate the α parti
les, as we observe in thisexperiment. This indi
ates that the pro
esses responsible for the produ
tionof these α fragments are of a more 
ompli
ated nature than suggested by thesimple dire
t breakup model.From these semiquantitative 
onsiderations, our data suggest a transfer to the
ontinuum pi
ture, in whi
h the valen
e neutrons are transferred to highlyex
ited states of the target, lying around the 210Pb→ 208Pb+2n breakupthreshold. Final states above this threshold 
an be interpreted as a three-bodybreakup of the proje
tile, while those below the threshold would 
orrespond toa pure transfer pro
ess leading to bound states of the 210Pb residual nu
leus.3 Theoreti
al 
al
ulationsIn this se
tion, we present a more quantitative analysis of the data, by per-forming 
al
ulations for the di�erent me
hanisms des
ribed in the pre
eedingse
tion (transfer to the 
ontinuum, dire
t breakup or one neutron transfer).The goal of this study is to see whi
h of these me
hanisms is more appropriateto des
ribe the present data.3.1 Transfer to the 
ontinuumWe use the transfer to the 
ontinuum method, in whi
h the two-neutron re-moval is treated as a transfer of the valen
e neutrons to bound and unboundstates of the 2n+208Pb system. For simpli
ity, these 
al
ulations are performedwithin the DWBA approximation. Although the DWBA method has beentraditionally applied to the transfer between bound states, it has also provedto be a useful method in situations where �nal states lie in the 
ontinuum[20,21,22,23,24℄. To simplify our des
ription of the rea
tion pro
ess, we assume10
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Fig. 4. Energy distribution of dete
ted α parti
les for the rea
tion 6He+208Pb at 14,16, 18 and 22 MeV, integrated in the angular range 132◦-164◦. Experimental data(
ir
les) are 
ompared with transfer to the 
ontinuum (TC) 
al
ulations (solid lines).The arrows indi
ate the expe
ted energy of the α parti
les s
attered at θlab = 151◦,assuming an extreme dire
t breakup pi
ture. In the panel for Elab = 22 MeV the fulldire
t breakup 
al
ulation, performed within the CDCC method, is also presented,multiplied by a fa
tor of 5.that the relative motion of the two halo neutrons is not a�e
ted during thepro
ess. At least for the Coulomb intera
tion, whi
h is known to be very im-portant in this rea
tion, this assumption is expe
ted to be reasonable be
ausethis intera
tion will a
t only on the α fragment, tending to stret
h the 6Hesystem, with the neutrons moving against the α 
ore. So, in these 
al
ulations,we emphasize the dineutron-α relative 
oordinate, under the assumption that11



this is the 6He main degree of freedom whi
h is ex
ited during the pro
ess.These transfer 
ouplings are s
hemati
ally depi
ted in Fig. 5a.(a)
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Fig. 5. S
hemati
 representation of the 
ouplings in
luded in the transfer to the
ontinuum (a) and dire
t breakup (b) 
al
ulations.In this rea
tion, the post form expression of the DWBA transition amplitudeinvolves a matrix element of the operator
V[2n−α] + U[α−208Pb] − U[α−210Pb].The potential parameters required in the 
al
ulations are summarized in Table1. For the α-208Pb system, we used the parameterization of Barnett and Lilley[25℄. The opti
al potential for the 6He-208Pb system, whi
h is used to generatethe distorted waves for the in
oming 
hannel, is taken from a �t of the elasti
angular distribution [9,18℄. The same parameters were used for the outgoing
hannel (α-210Pb). As explained above, the neutron pair was allowed to betransferred to both bound and unbound states of 210Pb. The 2n-208Pb rela-tive wavefun
tions were generated with the deuteron-208Pb opti
al potentialderived in Ref. [26℄. In order to permit the in
lusion of bound states, only thereal part of this potential was 
onsidered. Redu
ed radii (rx) were 
onvertedto physi
al radii (Rx) as Rx = rx(A

1/3
1 + A

1/3
2 ), for the 6He-208Pb and α-210Pbsystems, and as Rx = rx for the 2n-α system.In the di-neutron model, the 208Pb+2n �nal states should be 
onsidered asdoorway states to whi
h the di-neutron is transferred. The doorway statessubsequently fragment into bound or 
ontinuum states of 210Pb. To evaluatethe wavefun
tions of these doorway states, we take into a

ount the averageseparation energy of the 2n single parti
le 
on�gurations for ea
h L value,

〈ǫ2n〉, a

ording to the available experimental information [28℄. Then, we eval-uate the number of nodes of the 208Pb-2n relative wavefun
tion, N , preserv-ing the Pauli prin
iple. This is done using the Wildermuth 
ondition [29,30℄:12



Table 1Potential parameters used in the 
al
ulations.System V0 r0 a0 W0 ri ai Ref.(MeV) (fm) (fm) (MeV) (fm) (fm)
6He-208Pba b 1.015 1.15 c 1.015 1.70 [9℄

α-208Pb 96.44 1.376 0.625 32 1.216 0.42 [25℄2n-208Pb 85.55 1.20 0.751 - - - [26℄2n-α 87.18 1.90 0.39 - - - [27℄
a The same parameters were used for the 4He-210Pb distorted potential.
b V0= 32.8 31.4, 33.1 and 5.89 MeV for Elab =14, 16, 18 and 22 MeV, respe
tively.
c W0=0.04, 4.6, 5.1 and 9.84 for Elab =14, 16, 18 and 22 MeV, respe
tively.Table 22n-208Pb potentials used to generate the bound and unbound states of the 210Pbnu
leus in the transfer to the 
ontinuum 
al
ulations.

Jπ 0+ 1− 2+ 3− 4+ 5− 6+

V0 (MeV) 85.9 73.2 85.6 100.3 85.6 97.3 85.1
N 7 7 6 6 5 5 4
〈ǫ2n〉 (MeV) -4.9 1.0 -4.8 -6.4 -5.0 -5.1 -5.4

2(N − 1) + L = 2(n1 − 1) + l1 + 2(n2 − 1) + l2, where (n1, l1) and (n2, l2) arethe single-parti
le 
on�gurations whi
h have to be populated in a simple shellmodel pi
ture to produ
e a state with the desired J . In all 
ases, we used aWoods-Saxon form, with radius 1.2×2081/3 fm and di�useness a = 0.75 fm[26℄. Finally, we adjust the potential depth, V0, to produ
e a state with thegiven L, N , and 〈ǫ2n〉. The 
ase L = 1 deserves a spe
ial 
onsideration, sin
eno single-parti
le pair 
on�guration of bound single-parti
le states 
ouples to
J = 1−. To obtain these states one neutron has to be promoted to the nextshell, and this will in
rease the energy of the 1− state by h̄ω ≃ 6 MeV, leadingto a resonan
e around 〈ǫ2n〉=1 MeV, above the two-neutron breakup thresh-old. Then, the potential depth was adjusted in this 
ase to obtain a resonan
eat this energy. The values of N , V0 and 〈ǫ2n〉 are listed in Table 2.The states of 210Pb above the 208Pb+2n threshold are des
ribed by meansof 1 MeV 
ontinuum bins, obtained by superposition of the 2n-208Pb s
at-tering wavefun
tions, up to a maximum ex
itation energy of 8 MeV. Thus,the two-body spe
tros
opi
 strength is naturally distributed along the 
ontin-uum. However, for bound states, the fragmentation does not appear. To takethis into a

ount, we 
onsider that the doorway states are fragmented into Nbstates, with two neutron separation energies of S2n=0.5, 1.5,. . .,7.5 MeV, ea
hone with an spe
tros
opi
 fa
tor of 1/Nb. In pra
ti
e, we took Nb = 8 but13



we veri�ed that the results did not depend strongly on this number. For the
ontinuum states, we assumed unit spe
tros
opi
 fa
tors.The α-2n intera
tion, required to generate the 6He ground state wavefun
-tion, was parameterized using a standard Woods-Saxon form, with radius
R0 = 1.90 fm and di�useness ai = 0.39 fm, whi
h 
orresponds to the setII of Ref. [27℄. A pure 2S 
on�guration, with unit spe
tros
opi
 fa
tor, wasassumed for this state. The potential depth was obtained using the energy sep-aration method, that is, the depth was adjusted in order to reprodu
e the two-neutron separation energy. However, instead of using the experimental sepa-ration energy (S2n = 0.975 MeV) we used the modi�ed value S2n = 1.5 MeV.This 
hange is motivated by the fa
t that the 2n-α wavefun
tion, 
al
ulatedwith the experimental separation energy, extends too mu
h in 
on�gurationspa
e, as 
ompared to a realisti
 three-body 
al
ulation. As a 
onsequen
e,
ouplings to the 
ontinuum are largely overestimated, leading to unrealisti
results for the s
attering observables, as shown re
ently for the elasti
 s
atter-ing of 6He+208Pb [31℄ and 6He+209Bi [32℄. By in
reasing the binding energy to
S2n = 1.5 MeV the wavefun
tion obtained in the di-neutron model simulatesfairly well the three-body wavefun
tion in the (nn)-α 
oordinate. The physi
alidea behind this 
hoi
e is that, in 6He, the neutron-neutron pair 
ontributes tothe binding energy with a positive average energy whi
h, added to the (nega-tive) relative energy asso
iated to the (nn)-α motion, should give the 
orre
tbinding energy. Further details of this method will be published elsewhere [33℄.In order to get 
onvergen
e of the angular 
ross se
tion within the angularrange 
overed by the present data, we found it ne
essary to in
lude partialwaves up to L = 6 for the 2n-208Pb motion. The total angular momentum wasset to J = 50, and the distorted waves were 
al
ulated up to 200 fm. A range ofnon-lo
ality of 9 fm was required for the transfer 
ouplings. These 
al
ulationswere performed with the 
oupled-
hannels 
omputer 
ode FRESCO [34℄.The di�erential angular distribution for ea
h �nal state is proportional tothe square of the DWBA amplitude. By energy 
onservation, the energy ofthe outgoing α parti
les is obtained from the ex
itation energy of 210Pb. Thispro
edure provides a double di�erential 
ross se
tion with respe
t to the angleand energy of the s
attered α fragments. In order to permit a meaningful
omparison with the data, these magnitudes were transformed to the LABframe. For this purpose, the 
al
ulated 
enter-of-mass (CM) double-di�erential
ross se
tions were 
onverted to LAB system using the appropriate Ja
obianfor the kinemati
al transformation for (θc.m., E

c.m.
α ) → (θlab, E

lab
α ).The 
al
ulated angular distributions are represented by the solid lines in Fig. 3.The overall agreement with the data is good, although for the higher s
atteringenergies (Elab =18 and 22 MeV) the experimental distributions are somewhatunderpredi
ted. This underestimation, whi
h 
ould be due to the approxima-14



tions involved in our method, might indi
ate the presen
e of other 
hannelsnot in
luded in our 
al
ulations. Dynami
al e�e
ts, su
h as multi-step trans-fer pro
esses, not 
onsidered in the DWBA 
al
ulations, 
ould also a�e
t theresults. We would like to note that the 
al
ulation of absolute 
ross se
tionsin two-neutron transfer rea
tions is a very 
ompli
ated problem [35,36℄, anddis
repan
ies as large as one or two orders of magnitude between theory andexperiment have been reported by some authors. Keeping in mind these di�-
ulties, the degree of agreement between the present data and the transfer tothe 
ontinuum 
al
ulations is very en
ouraging.Finally, the 
al
ulated energy distributions of the α parti
les, in the LABframe, are given by the solid lines in Fig. 4. The transfer to the 
ontinuum
al
ulations (thi
k solid lines) reprodu
e very well the shape of these distri-butions. In parti
ular, the position of the peak is very well a

ounted for atall energies. The absolute values of these distributions are also reasonablyreprodu
ed, ex
ept for the underestimation at the higher energies dis
ussedabove.We would like to stress that these 
al
ulations do not in
lude any free param-eter. They are based on a dire
t appli
ation of a fully quantum me
hani
alexpression of the transition amplitude, within the DWBA approximation, andthe ingredients are the potentials between the fragments taken from the liter-ature, and a physi
ally motivated model for the initial and �nal states in the
6He and 210Pb nu
lei, respe
tively.3.2 Dire
t breakupThe dire
t breakup 
omponent of the α in
lusive spe
trum 
ould be also 
al-
ulated within the standard 
ontinuum dis
retized 
oupled-
hannels (CDCC)method [37℄. In the dire
t breakup pi
ture, the fragmentation pro
ess is for-mally treated as an inelasti
 ex
itation of the proje
tile to the 
ontinuum (seeFig. 5b). From the semiquantitative arguments outlined in Se
. 2, we do notexpe
t this s
heme to be appropriate for the present rea
tion, sin
e the ob-served energy of the α parti
les is signi�
antly larger than the values estimatedby kinemati
 
onsiderations assuming a dire
t breakup pi
ture. These 
onsid-erations, along with the 
al
ulations presented in Se
. 3.1, 
learly suggest thatthe energies of the observed α parti
les at ba
kward angles are 
onsistent withthe transfer of the valen
e neutrons to weakly bound states of the target. Thesestates are indeed better des
ribed in a basis of the target representation, as wehave done in the transfer to the 
ontinuum 
al
ulations. The dire
t breakuprepresentation, by 
ontrast, is expe
ted to be less e�
ient in this 
ase, in thesense that a large basis would be required to des
ribe 2n-target states withsmall relative energy and angular momentum. In order to test these arguments15



we have performed CDCC 
al
ulations for the Elab = 22 MeV 
ase.Again, we assumed a simple di-neutron model for 6He. Partial waves s, p and
d were in
luded for the 2n-4He relative motion. For ea
h partial wave, the 6He
ontinuum was divided into energy bins, a

ording to the s
heme detailed in[31℄. In analogy with the pres
ription used in the transfer to the 
ontinuum
al
ulations, the e�e
tive two-neutron separation energy S2n = 1.5 MeV wasused to generate the 6He ground state and 
ontinuum wavefun
tions. Withthis pres
ription, the elasti
 angular distribution is very well reprodu
ed. Thebreakup angular and energy distributions obtained from this 
al
ulation arerepresented in Figs. 3 and 4 by the dashed line (bottom panel). It 
an be seenthat the experimental data are underestimated by almost an order of magni-tude, at all the measured angles. The in
lusion of higher partial waves did notsolve the dis
repan
y. Hen
e, as we anti
ipated, the dire
t breakup pi
ture isinadequate to des
ribe the present data. From the �gure, we see also that theCDCC distribution dominates the small angle region, with a pronoun
ed peakaround 30◦. At these angles, the transfer to the 
ontinuum 
urve is very small,suggesting that for the des
ription of the α parti
les emitted at forward anglesthe dire
t breakup s
heme should provide a more suitable representation thanthe TC.We note that a proper CDCC 
al
ulation for the present rea
tion would requirea three-body des
ription of 6He, thus giving rise to a four-body s
atteringproblem. This kind of 
al
ulations has been re
ently reported by the Kyushugroup for 12C [38℄ and 209Bi [32℄ targets. Although our results will be modi�edto some extent if a realisti
 three-body des
ription of 6He is used, we believethat our simpli�ed 
al
ulations retain the essential physi
s to illustrate theinadequa
y of the CDCC method to des
ribe the present data.3.3 One neutron transferAnother 
hannel that 
ould 
ontribute to the produ
tion of α parti
les is theone neutron stripping, 208Pb(6He,5He)209Pb. This pro
ess will produ
e 5He ina resonant state, whi
h will eventually de
ay into n+4He. The 
al
ulationsfor this pro
ess were performed within the DWBA approximation. Due to Q-value 
onsiderations, this pro
ess populates mainly bound states of the 209Pbnu
leus, similar to what o

urs in the 208Pb(d,p)209Pb rea
tion [39℄. Thus,we in
luded the known bound states for the 209Pb nu
leus, and assumed unitspe
tros
opi
 fa
tors, sin
e these are known to be mainly single-parti
le states.Con
erning the spe
tros
opi
 fa
tor for 6He → 5He+n, in a stri
t shell modelpi
ture, with maximal pairing, spe
tros
opi
 fa
tor for neutron transfer isequal to number of valen
e neutrons, what would give 2. We adopt howeverthe value 1.60 for this spe
tros
opi
 fa
tor, reported by Nemets et al [40℄, and16



obtained using the method detailed in Ref. [41℄.For the entran
e 
hannel, 6He+208Pb, the e�e
tive potential obtained fromCDCC 
al
ulations was used. For the exit 
hannel, 5He+209Pb, the poten-tial was 
al
ulated by folding the n+209Pb potential from the 
ompilation ofVarner et al. [42℄ and the α + 208Pb potential of Goldring et al. [43℄ with theground state wave fun
tion of 5He. The latter was represented by an energybin of a width 1.2 MeV pla
ed at an ex
itation energy of 0.8 MeV above the
5He→4He+n breakup threshold. The binding potential for 4He+n was takenfrom Ref. [44℄.The 
al
ulated angular distribution is shown by the dotted-dashed line in thelowest panel of Fig. 3 (Elab=22 MeV). It should be noted that, in this 
ase,the s
attering angle 
orresponds to the 
enter of mass of the 5He* system,rather than the 4He angle. At intermediate angles (θlab ≈ 90◦), our 
al
u-lation predi
ts a signi�
ant 
ontribution of the 1n transfer, although the αyield is still dominated by the 2n transfer. This result is in agreement withthe experimental data of De Young et al. [2℄ in whi
h the 2n transfer wasidenti�ed as the main me
hanism produ
ing α parti
les at these angles, witha small 
ontribution arising from 1n transfer. We note however that the 
rossse
tions reported in [2℄ for the 1n and 2n transfer pro
esses are inferred fromthe α parti
les observed at 90 and 120 degrees, while in our experiment theobserved α parti
les 
orrespond to larger angles (above 130◦). Therefore, the
ross se
tions reported in Ref. [2℄ 
annot be readily extrapolated to our 
ase.Moreover, even if we 
ompare the same angular range, we do not expe
t to getthe same quantitative results, be
ause the states populated in both rea
tions(namely, 209Pb and 210Bi) are di�erent.It 
an also be seen that at the angles of interest of our experiment (θlab >
130◦), the 
ontribution of the 1n transfer is negligible and the produ
tion of
α parti
les is essentially due to 2n transfer. Moreover, the 1n transfer 
annotexplain the energy of the α parti
les sin
e the maximum kineti
 energy of the αparti
les emitted in this pro
ess, whi
h 
orresponds to a transfer to the 209Pbground state, is about 17.5 MeV, while the experimental energy distributionextends beyond 20 MeV. Therefore, we 
on
lude that the one neutron stripping
hannel is not responsible for the underestimation of the data at these angles.4 Dis
ussionThe results found in this work are 
onsistent and 
omplementary to our pre-vious analysis of the elasti
 s
attering for the same rea
tion [9℄. The opti
almodel analysis performed in the previous work revealed the importan
e of along range absorption me
hanism. With the present analysis, one 
an 
on
lude17



that this me
hanism is presumably related to the two-neutron removal pro
essdis
ussed in this work. In order to draw more de�nite 
on
lusions it would bedesirable to obtain data in a wider angular range.Furthermore, in order to understand more 
learly the importan
e of di�erentrea
tion me
hanisms, it would be very useful to perform a similar experimentin whi
h the neutrons 
ould be dete
ted in 
oin
iden
e with the α parti
les.Given the small dete
tion e�
ien
y for neutrons, and the fa
t that the twoneutrons 
an be emitted, in prin
iple, in arbitrary dire
tions, this experimentis also very 
hallenging from the experimental as well as from the theoreti-
al points of view. Despite these di�
ulties, a similar experiment has beenre
ently performed for the rea
tion 6He+209Bi at 22 MeV [2℄. By measuringneutron-α 
oin
iden
es it is 
on
luded that approximately 55% of the observed
α yield around and beyond the grazing angle is due to two-neutron transferto unbound states of the 211Bi nu
leus.Our results are also 
onsistent with other experiments on 6He indu
ed rea
-tions on several targets, su
h as 64Zn [3℄, 65Cu [4℄ and 238U [5℄, for whi
h large1n and 2n transfer 
ross se
tions have been inferred using di�erent experimen-tal te
hniques.In the 
ase of the rea
tion using the 238U target, these 
on
lusions are sup-ported by the re
ent 
al
ulations of Cárdenas et al. [45℄. Using a s
hemati

oupled-
hannels 
al
ulations, the authors show that the 2n removal 
rossse
tion from 6He 
an be well a

ounted for by an in
oherent superposition ofseveral transfer pro
esses with di�erent Q values. Similarly, the 
al
ulationsin this work involve also an in
oherent sum of 2n transfer to �nal states witha wide range of Q values.5 Summary and outlookIn this paper we have presented new experimental data for the rea
tion 6He+208Pbat energies around and below the Coulomb barrier. The rea
tion 
ross se
tionat ba
kward angles is dominated by a prominent 4He group, whi
h was inter-preted as 
oming from proje
tile fragmentation.For ea
h s
attering energy, the angular and energy distributions of the 4Hefragments have been analyzed and 
ompared with transfer to the 
ontinuum
al
ulations, in whi
h the two-neutrons are assumed to be transferred as a
luster to both bound as well as unbound states of the target nu
leus. A
-
ording to these 
al
ulations, most of the observed α yield 
omes from thetransfer of the valen
e neutrons to highly ex
ited states of the target in theproximity of the two-neutron breakup threshold. By 
ontrast, dire
t breakup18




al
ulations and one neutron transfer 
al
ulations fail to explain the presentdata.This analysis suggests a s
enario in whi
h the 6He nu
leus is broken up in the�eld of the target, and the valen
e neutrons are left with a small relative en-ergy with respe
t to the target. By energy 
onservation, the kineti
 energy lostby the neutrons is transferred to the α parti
les, whi
h are therefore a

eler-ated with respe
t to the beam velo
ity. These 
on
lusions are 
onsistent withprevious measurements for other rea
tions indu
ed by 6He on several targets,for whi
h large transfer 
ross se
tion have been also reported [1,2,3,4,5℄.Further measurements for this rea
tion, in
luding 
omplete kinemati
s, widerangular 
overage, dete
tion of �ssion and evaporation produ
ts, et
, wouldbe very useful to disentangle more 
learly the importan
e of di�erent rea
tionme
hanisms, and improve our understanding of the pro
esses that take pla
e inthe s
attering of exoti
 nu
lei at energies around the Coulomb barrier. Some ofthese measurements have been already performed and the subsequent analysisis underway.Despite the reasonable quantitative agreement with the data, the transfer tothe 
ontinuum 
al
ulations 
an be improved in both the stru
ture and rea
tionaspe
ts. Con
erning the stru
ture model, the main approximation involved inour 
al
ulation is the assumption of the validity of the di-neutron model. Four-body DWBA 
al
ulations have been performed by Chatterjee et al. [46℄ for thes
attering of 6He on Pb and Au at high energies, using a realisti
 three-bodydes
ription of the 6He nu
leus. By 
omparing with a 
onventional three-bodyDWBA 
al
ulation based upon a di-neutron model of 6He, they �nd that thelatter 
al
ulation gives too large breakup 
ross se
tion. The disagreement isattributed to the bigger rms radius in the di-neutron model, as 
ompared to arealisti
 three-body model. In our 
al
ulations this e�e
t is a

ounted for byin
reasing the 2n separation energy in 6He. Also, the des
ription of the �nalstates in 210Pb 
ould be improved by using a more realisti
 level density forthis nu
leus.Con
erning the des
ription of the rea
tion me
hanism, these 
al
ulations 
ouldbe improved by in
luding 
ouplings among �nal states in 210Pb, by means ofthe CCBA method. These 
ouplings 
ould be generated in a 
luster model,by folding the 2n-α and α+208Pb intera
tions with the internal wavefun
tionsfor the 210Pb states. Also, 
ouplings between the transfer/breakup 
hannelsand the elasti
 
hannel 
ould be in
orporated beyond the �rst order, thusperforming a 
oupled-rea
tion 
hannels 
al
ulation. This 
al
ulation wouldpermit permit an assessment of whether the expli
it in
lusion of these 
han-nels 
an explain the long-range absorption e�e
t en
ountered in the analysisof the elasti
 data. If this is the 
ase, the opti
al potential required to repro-du
e the elasti
 data in presen
e of transfer 
hannels should have a smaller19



di�useness, as 
ompared to the phenomenologi
al opti
al potential derived inabsen
e of these 
hannels. Noti
e that, in the DWBA approa
h, these higherorder e�e
ts are a

ounted for in an e�e
tive way by an appropriate 
hoi
eof the phenomenologi
al opti
al potentials used to des
ribe the in
oming andoutgoing distorted waves. These CCBA and 
oupled rea
tion 
hannels 
al-
ulations are beyond the s
ope of this work, and hen
e they have not beenattempted.A
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