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e
 Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived November 20, 1999)We apply the realisti
 shell model whi
h in
ludes the 
oupling betweenmany-parti
le (quasi-)bound states and the 
ontinuum of one-parti
le s
at-tering states, to the spe
tros
opy of mirror nu
lei as well as to the des
rip-tion of low energy 
ross se
tion in the 
apture rea
tions.PACS numbers: 21.60.Cs, 24.10.Eq, 25.40.Lw, 27.20.+n1. Introdu
tion50 years have passed sin
e the introdu
tion the Shell Model (SM) [1℄. Itsfoundations have been understood when the 
onne
tion between elementarynu
leon�nu
leon intera
tion and the existen
e of a smooth e�e
tive nu
learpotential with the spin�orbit 
oupling was established [2℄. The investigationof how the residual two-body intera
tion a
ting between nu
leons in thise�e
tive nu
lear potential 
an give rise to the observed spe
tra, started inmid 50s with the �rst appli
ation of the multi
on�gurational SM in p-shell,aiming at an understanding of the evolution of nu
leon 
oupling s
heme fromLS toward jj 
oupling with in
reasing mass number [3,4℄. These works havegiven birth to the nu
lear stru
ture theory whi
h is �ourishing nowadaysand whose breath taking a
hievements a

ompany the re
ent experimental� Invited talk presented at the XXVI Mazurian Lakes S
hool of Physi
s, Krzy»e,Poland, September 1�11, 1999.�� This le
ture is devoted to the memory of late Professor Zdzisªaw Szyma«ski.(311)



312 K. Benna
eur et al.e�orts trying to rea
h drip-lines and testing limits of nu
lear stability athigh angular momenta and extreme shapes.At the beginning, the s
attering 
ontinuum was absent in the SM. Thenu
leons were assumed to o

upy the single parti
le (s.p.) orbits of boundaverage potential, perfe
tly isolated from the external environment of s
at-tering states. The su

ess of SM was so 
onvin
ing that even problems en-
ountered early in des
ribing the spe
tra of mirror nu
lei (e.g. 13C, 13N [5℄),whi
h revealed a subtle in�uen
e of 
ontinuum depending on the position ofrespe
tive parti
le emission thresholds, did not 
hange the fundamental sep-aration of the `nu
lear stru
ture' and the `nu
lear rea
tion' methods. Thisseparation, whi
h grew with time to a kind of paradigm of nu
lear physi
s,was weaker in early days. It was Feshba
h at the end of 50s who expressedthe 
ollision matrix of opti
al model in terms of matrix elements of thenu
lear Hamiltonian [6℄. This has given strong push to the SM approa
hto the nu
lear rea
tions [7℄. The basi
 idea of this 
ontinuum shell model(CSM) approa
h is to use the �nite depth s.p. potential and to 
onsiderno more than one nu
leon in the s
attering state [8℄. The latter limitationrestri
ts the appli
ability of the CSM to rea
tion involving one nu
leon inthe 
ontinuum.Des
ription of weakly bound exoti
 nu
lei 
lose to the drip-lines su
has, e.g., 8B or 11Li in their ground state (g.s.), is an ex
iting theoreti
al
hallenge. The proximity of parti
le 
ontinuum in these nu
lei imply thatvirtual ex
itations to 
ontinuum states 
annot be negle
ted as they mod-ify the e�e
tive intera
tions and 
ause the large spatial extension of densitydistribution (nu
lear halo e�e
t). The Shell Model Embedded in the Contin-uum (SMEC), in whi
h realisti
 N -parti
le SM solutions for (quasi-)boundstates are 
oupled by the residual intera
tion to the one-parti
le s
attering
ontinuum, is a re
ent development of the CSM [9℄ for the des
ription of
ompli
ated low energy ex
itations of weakly bound nu
lei.2. Few remarks on Shell Model Embedded in the ContinuumIn SMEC, the bound (interior) states together with its environment ofone-nu
leon 
hannels form a 
losed quantum system. Using the proje
tionoperator te
hnique, one separates the P subspa
e of asymptoti
 
hannelsfrom the Q subspa
e of many-body lo
alized states whi
h are build up bythe bound s.p. wave fun
tions and by the s.p. resonan
e wave fun
tions.P subspa
e is assumed to 
ontain (N � 1)-parti
le states with nu
leonson bound s.p. orbits and one nu
leon in the s
attering state. Also the s.p.resonan
e wave fun
tions outside of the 
uto� radius R
ut are in
luded in theP subspa
e. The resonan
e wave fun
tions for r < R
ut are in
luded in theQ subspa
e. The wave fun
tions in Q and P are then properly renormalized
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al Interest : : : 313in order to ensure the orthogonality of wave fun
tions in both subspa
es.The dis
ussion of SMEC formalism 
an be found in Ref. [10, 11℄. The
omplete solution in SMEC is 
onstru
ted in three steps. In the �rst step,one 
al
ulates the (quasi-) bound many-body states in Q subspa
e by solvingthe multi
on�gurational SM problem: HQQ�i = Ei�i, whereHQQ is the SMe�e
tive Hamiltonian whi
h is appropriate for the SM 
on�guration spa
eused. To generate both the radial s.p. wave fun
tions in the Q subspa
e andthe s
attering wave fun
tions in P subspa
e we use the average potentialof Saxon�Woods (SW) type with the spin�orbit and Coulomb potentialsin
luded [10, 11℄. For the 
ontinuum part, one solves the 
oupled 
hannelequations: X
0 (E(+) �H

0 )�
0(+)E = 0 ; (1)where index 
 denotes di�erent 
hannels and the supers
ript (+) meansthat boundary 
onditions for in
oming wave in the 
hannel 
 and outgoings
attering waves in all 
hannels are used. The 
hannel states are de�nedby 
oupling of one nu
leon in the s
attering 
ontinuum to the many-bodySM state in (N � 1)-nu
leus. Finally, the third system of equations 
onsistsof inhomogeneous 
oupled 
hannel equations with the sour
e term whi
h
ouples the N -nu
leon lo
alized SM states with (N � 1)-nu
leon lo
alizedSMEC states plus one nu
leon in the 
ontinuum. These equations de�nefun
tions !(+)i , whi
h des
ribe the de
ay of quasi-bound state �i in the
ontinuum.Using the SM Hamiltonian in Q subspa
e implies that the 
oupling be-tween (quasi-) bound and s
attering states has to be generated by the resid-ual intera
tion (for that purpose we use the zero-range intera
tion with thespin-ex
hange in
luded). The matrix elements of this intera
tion enter bothin the sour
e term of inhomogeneous 
oupled 
hannel equations and in the
hannel�
hannel 
oupling potential (1): H

0 = (T + U)Æ

0 + �J

0 ; whereT is the kineti
 energy operator and �J

0 is the 
oupling generated by theresidual intera
tion. The potential for 
hannel 
 
onsists of �initial guess�,U(r), and diagonal part of 
oupling potential �J

 whi
h depends on both thes.p. orbit �l;j and the 
onsidered many-body state J�. This modi�
ationof the initial potential U(r) 
hange the generated s.p. wave fun
tions �l;jde�ning Q subspa
e, whi
h in turn modify the diagonal part of the residualfor
e, the sour
e term, et
. Hen
e, the solution of 
oupled 
hannel equa-tions (1) is a

ompanied by the self-
onsistent iterative pro
edure whi
h, forea
h 
hannel independently, yields the 
orresponding self-
onsistent poten-tial: U (s
)(r) = U(r) + �J(s
)

 (r), and 
onsistent with it the renormalizedmatrix elements of 
oupling for
e. The parameters of U(r) are 
hosen in
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eur et al.su
h a way that U (s
)(r) reprodu
es energies of experimental s.p. states,whenever their identi�
ation is possible.3. Example of appli
ations: 8Li, 8BThe solution of solar neutrino problem, i.e., an observed de�
it of neu-trinos with respe
t to predi
tions of the Standard Solar Model (SSM) [12℄,is passing through an understanding of the 
apture rea
tion: 7Be(p; 
)8B.(8B produ
ed in the solar interior is the prin
ipal sour
e of high energyneutrinos dete
ted in solar neutrino experiments.) At the solar energies(ECM � 20 keV), this 
ross-se
tion is too small to be dire
tly measur-able. For this reason, the theoreti
al analysis of this rea
tion is so im-portant. On the other hand, whenever measurement is feasible (> 150 keV),the exa
t value of the 
apture 
ross se
tion depends: (i) on the normal-ization obtained indire
tly from the 7Li(d; p)8Li 
ross se
tion and, (ii) onthe model dependent extrapolation of measured values of the 
ross-se
tiondown to the interesting domain of solar energies. Measured values for7Be(p; 
)8B 
ross se
tion are varying strongly, though re
ent experiments
onsistently indi
ate low values (S < 20 eV�b) of the astrophysi
al fa
torS � �CM(ECM)ECM exp(�2��), where � = e2Z1Z2=~v [13, 14℄.Part of the theoreti
al ambiguities 
an be removed by a simultaneousstudy of the 7Li(n; 
)8Li mirror rea
tion, whi
h has also been studied by sev-eral experimental groups [15℄. In the 
ontext of the solar neutrino problem,the 7Li(n; 
)8Li 
ross se
tion is often used to extrapolate the 7Be(p; 
)8B
ross se
tion down to the solar energies [13℄. The 7Li(n; 
)8Li rea
tion atvery low energies is also extremely interesting in itself as it provides the es-sential element of rapid pro
ess of primordial nu
leosynthesis of nu
lei withA � 12 in the inhomogeneous big-bang models [16℄ allowing to bridge thegap of mass A = 8 and to produ
e heavy elements.3.1. The self-
onsistent determination of Q subspa
eConstru
tion of Q subspa
e by the SMEC with the SM sour
e impliesthat the self-
onsistent s.p. potential U (s
)(r) depends on the s.p. wave fun
-tion �l;j, the total spin J of the N -nu
leon system as well as on the one-bodymatrix elements of (N�1) - nu
leon daughter system. In the studied 
ases of8B, 8Li, all these potentials have the same parameters of radius R0 = 2:4 fm,surfa
e di�useness a = 0:52 fm, and spin�orbit 
oupling VSO = �4MeV.Cohen�Kurath (CK) intera
tion [17℄ is used as a SM intera
tion and thestrength of the residual intera
tion is: V (0)12 = 650MeV�fm3 [10℄. Fig. 1shows typi
al examples of potentials in 8B , here for the proton s.p. orbital0p3=2, in two di�erent total spin states: J� = 1+; 2+ . The same initial
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r [fm]Fig. 1. Example of �nite-depth s.p. potentials for 0p3=2 radial s.p. wave fun
tionsin J� = 1+; 2+ (T = 1) bound states and resonan
es of 8B [10℄. Di�erent 
urvesdenote: the initial potential U(r) (the dashed line), the self-
onsistent potentialU (s
)(r) (the solid line), and the equivalent potential U (eq)(r) (the dotted line) ofthe SW type whi
h yields the proton 0p3=2 orbit at the same energy as in theself-
onsistent potential.potential U(r) is taken both for 2+ and 1+ states. The spe
tros
opi
 fa
torof proton 0p3=2 s.p. state in the g.s. is 
lose to 1 [17℄. This allows to identifyposition of proton 0p3=2 s.p. orbit in J� = 2+ state, i.e., we demand thatU (s
)(r) provides 0p3=2 s.p. state at �137 keV, 
orresponding to the bindingenergy of the 2+1 g.s. in 8B.U (s
) exhibits for small r a 
lear maximum whi
h is absent in U(r). Theself-
onsistent potentials U (s
)(2+) and U (s
)(1+) are di�erent , in spite of thefa
t that the initial potential U(r) is the same in both 
ases. The dotted linesin Fig. 1 show the equivalent s.p. average potentials U (eq)(r). For the sameSW parameterization as in U(r), the depth parameter is adjusted in U (eq)(r)to reprodu
e the energy of 0p3=2 s.p. orbit in U (s
)(r). Clearly, U (eq)(r) andU (s
)(r) di�er strongly in the potential interior. On the 
ontrary, the surfa
eregion shows in general weak sensitivity to the self-
onsistent 
orre
tion,ex
ept for weakly-bound many-body states having an important admixtureof l = 0 and l = 1 neutron s.p. states.There is no 
lear indi
ation 
on
erning the position of proton 0p1=2 s.p.orbit. Using the same U(r) as used to determine U (s
)(r) for 0p3=2 s.p.state, we get the 0p1=2 proton s.p. orbit in U (s
)(r) at "p1=2 = +0:731MeV inJ� = 2+ states and at "p1=2 = +0:311MeV in J� = 1+ states . Consequently,the energy splitting of p3=2 and p1=2 orbitals is also state dependent.Many spe
tros
opi
 observables have been 
al
ulated for 8B and 8Li [10℄.The quadrupole moment hQi of 8B provides a useful test of the SMECwave fun
tion, in parti
ular of its radial part. The SMEC solutions yields:hQith = 6:99 e fm2, in good agreement with the experimental value [18℄:



316 K. Benna
eur et al.hQiexp = 6:83�0:21 e fm2. This theoreti
al value has been obtained assum-ing the e�e
tive 
harges: ep = 1:35, en = 0:35, and the SM spe
tros
opi
 fa
-tors for the CK intera
tion. The analogous 
al
ulation in 8Li yields: hQith =2:78 e fm2, 
lose to the experimental value [18℄: hQiexp = 3:27� 0:06 e fm2.3.2. Radiative 
apture 
ross-se
tionsOn
e the parameters of the initial SW potential and the residual in-tera
tion 
oupling states in Q and P have been �xed based on the stru
-tural informations, we 
al
ulate the 
apture 
ross-se
tion for 7Be(p; 
)8B(see Fig. 2). We found that the E1 and E2 
ontributions as well as thetotal 
ross-se
tion are insensitive to the size of spin-ex
hange term in theresidual for
e. On the 
ontrary, the M1 
ontribution and parti
ularly itsresonant part, are sensitive to it. Hen
e, the Coulomb disso
iation (CD)experiments, in whi
h the 
ontributions of E2 and M1 multipolarities aswell as nu
lear breakup 
an be disproportionately enhan
ed in 
ertain kine-mati
al regimes will hopefully give some information about the 
ontinuum
oupling [19℄. The low energy dependen
e of S(E) (see Fig. 2) 
an be �ttedby: S(E) = S(0) exp(�̂E+�̂E2). In the range of 
.m. energies up to 100 keVthe �t yields: S(0) = 19:594 eV�b, �̂ = �1:544MeV�1, �̂ = 6:468MeV�2.
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Fig. 2. The astrophysi
al S-fa
tor for the rea
tion 7Be(p; 
)8B is plotted as afun
tion of 
.m. energy. The SMEC 
al
ulations have been done using the spin-ex
hange parameter 0:05 [10℄. The experimental points are from Refs. [13, 14℄.
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Fig. 3. The 
ross-se
tion for the rea
tion 7Li(n; 
)8Li is plotted as a fun
tion of
.m. energy. The experimental points are taken from [15℄.The mirror rea
tion: 7Li(n; 
)8Li together with a simultaneous des
rip-tion of energy spe
tra and parti
le de
ay widths of 8B and 8Li, provides astringent test for SMEC 
al
ulations. The SM intera
tion and SM many-body wave fun
tions (e.g. the spe
tros
opi
 amplitudes) are identi
al inboth 
ases. The self-
onsistent one-body potentials whi
h take into a

ountresidual 
oupling of Q and P subspa
es and whi
h determine the radialformfa
tors of s.p. wave fun
tions used in the 
al
ulation of matrix elementsof the residual intera
tion, are optimized in the same way in 8B and in 8Li.Finally, the parameters of dire
t and spin-ex
hange terms in the residualintera
tion are also the same, so the modi�
ation of 
oupling matrix ele-ments in 8B and 8Li is solely due to the di�erent radial shape of s.p. wavefun
tions in the 
orresponding self-
onsistent potentials for di�erent J� ofmany-body states. In the 
ase of neutrons, the 
ollision integral is sensi-tive to the nu
lear interior even in the low energy limit. The s
atteringlengths aS , where S is the 
hannel spin, are known from elasti
 s
atteringof neutrons. So for the s-wave in the initial 
hannel we use a pro
edure ofreadjustment of appropriate s-wave s
attering potentials in order to repro-du
e experimental values of s
attering lengths [20℄. Fig. 3 shows the totalneutron 
apture 
ross-se
tion as a fun
tion of the 
.m. energy. The SMEC
al
ulation reprodu
es very well the experimental data at these very lowenergies.



318 K. Benna
eur et al.3.3. Coulomb disso
iation 
ross se
tionThe CD method provides an alternative indire
t way to determine the
ross se
tions for the radiative 
apture rea
tions at low energies. The doubledi�erential 
ross-se
tion for the Coulomb ex
itation of 8B from its g.s. tothe 
ontinuum, with a de�nite multipolarity of order �� is given by [21℄:d2�d
8B�dECM = X�� 1ECM dn��d
8B� ���
 (E
); (2)In Eq. (2), 
8B� de�nes the dire
tion of the 
.m. of the [p �7 Be℄ system(to be referred as 8B�) with respe
t to the beam dire
tion. ���
 (E
) is the
ross-se
tion for the photo-disintegration pro
ess: 
+8B !7Be + p, withphoton energy E
 , and multipolarity � = E (ele
tri
) or M (magneti
),and order � = 1; 2 : : :, whi
h is related to that of the radiative 
apturepro
ess: 7Be + p! 8B + 
, through the theorem of detailed balan
e. E
 isgiven by ECM = E
 + Q, with Q = 0:137 MeV. In most 
ases, only one ortwo multipolarities dominate the radiative 
apture as well as the Coulombdisso
iation 
ross se
tions. n��(E
) in Eq. (2) represents the number ofequivalent (virtual) photons provided by the Coulomb �eld of the target tothe proje
tile [22℄.
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Fig. 4. Comparison of the E1 + E2 (solid lines) CD 
ross se
tions 
al
ulatedfor the two versions of SMEC for di�erent amount of the spin-ex
hange [19℄ withthe experimental data [23℄. The individual E1 and E2 
omponents are shown bydashed and dotted lines respe
tively.
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tions of Astrophysi
al Interest : : : 319In Fig. 4, we present the 
omparison of the measured CD 
ross se
tionsfor the rea
tion 8B + 208Pb ! 8B� + 208Pb at E=A = 250MeV [23℄, withthose 
al
ulated for two di�erent input 
apture 
ross se
tions of SMEC,whi
h di�er by the amount of the spin-ex
hange. In (a) the spin-ex
hangeparameter equals 0.27 and in (b) it equals 0.05. The latter 
ase 
orrespondsto an almost pure Wigner for
e limit for this 
oupling. The CD data atthese high energies seem to show sensitivity to the 
apture 
ross se
tions, inparti
ular to its M1 and E2 
omponents, 
al
ulated within di�erent modelsof 8B stru
ture. We would like to re
all that at lower beam energies (e.g., theRIKEN experiments [24℄), the 
ontribution of M1 multipolarity was almostnegligible. On the other hand, one 
an see from Fig. 4, where we show the CD
al
ulations for only E1 (dashed lines) and E2 (dotted lines) multipolaritiesand their sum (solid line) that it is not possible to explain the data in theregion of ECM between 500�750 keV without the 
ontribution of the M1multipolarity. This sensitivity of the higher energy breakup data to the M1multipolarity makes it possible to use this to supplement the information onthe 
ontinuum stru
ture of 8B whi
h was not feasible by similar studies atlower beam energies. 4. Con
lusionsWe have shown here few sele
ted appli
ations of the SMEC, whi
h isa natural extension of the SM for the study of both nu
lear stru
ture andnu
lear rea
tions for weakly bound nu
lei. The 
oherent treatment of theQ and P subspa
es allows to 
ross-
he
k the e�e
tive intera
tions both onthe stru
ture data and the rea
tion data. This allows for a fruitful reex-amination of the SM e�e
tive intera
tions for nu
lei far from the �-stabilityline. Moreover, rea
tion data 
an be used to gain further information aboutthe e�e
tive intera
tions by analyzing the N -body nature of resonan
es.SMEC model in its present form in
ludes the 
oupling to one-nu
leon 
on-tinuum. The wealth of experimental data 
an be des
ribed in a uni�edframework of SMEC. These in
lude: (i) the 
al
ulation of energy spe
tra,B(��) transition matrix elements and various stati
 nu
lear moments su
has the magneti
 or mass/
harge quadrupole moments et
., (ii) the 
al
ula-tion of various radiative 
apture pro
esses: (p; 
), (n; 
), Coulomb breakuppro
esses: (
; p), (
; n) and elasti
 or inelasti
 
ross se
tions (p; p0), (n; n0);some of these observables have been dis
ussed in this work. Problem ofisospin symmetry breaking due to the 
oupling to the 
ontinuum 
an beaddressed by 
omparing ele
tromagneti
 pro
esses, e.g., B(��) transitionmatrix elements for 
ertain states in mirror nu
lei, and weak intera
tionpro
esses like the �rst-forbidden �-de
ay in mirror rea
tions. Finally, fornu
lei 
lose and beyond the proton (neutron) drip lines, the spontaneous



320 K. Benna
eur et al.proton (neutron) radioa
tivity 
an be studied in the mi
ros
opi
 frameworkof SMEC (SM). These unifying features of SMEC approa
h are extremelyuseful for understanding of the stru
ture of exoti
 nu
lei far from the �-stability for whi
h the available experimental information will be s
ar
e.Compli
ated resonan
e stru
tures play vital role in the near thresholdbehaviour of various 
apture pro
esses involved in the stellar nu
leosynthe-sis. We have shown some results for mirror rea
tions: 7Be(p; 
)8B and7Li(n; 
)8Li. Further appli
ations to 16O(p; 
)17F 
an be found in [11℄.Other important rea
tions of CNO-
y
les, like: 13N(p; 
)14O, 17F(p; 
)18Ne,19Ne(p; 
)20Na or 21Ne(p; 
)22Na are presently under the investigation (forfurther dis
ussion see [25℄). The SMEC 
an be easily extended also forthe des
ription of �-nu
leosynthesis [25, 26℄. More 
ompli
ated de
ay 
han-nels involving, e.g., � parti
le, 3He or 3H in the 
ontinuum, are beyond thes
ope of SMEC in its present form, though future extension of the SMEC forsu
h 
luster 
on�gurations is possible in a framework proposed by Balashovet al. [27℄.It is a pleasure to a
knowledge stimulating dis
ussions with E. Caurier,S. Dro»d», I Rotter and R. Shyam at various stages of the development ofthis proje
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