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CAPTURE REACTIONS OF ASTROPHYSICALINTEREST IN THE SHELL MODELEMBEDDED IN THE CONTINUUM� ��K. Bennaeur a, F. Nowaki b, J. Okoªowiz a;and M. Pªoszajzak aa Grand Aélérateur National d'Ions Lourds (GANIL)CEA/DSM�CNRS/IN2P3, BP 5027, F-14076 Caen Cedex 05, Franeb Laboratoire de Physique Théorique Strasbourg (EP 106)3�5 rue de l'Universite, F-67084 Strasbourg Cedex, Frane Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, Poland(Reeived November 20, 1999)We apply the realisti shell model whih inludes the oupling betweenmany-partile (quasi-)bound states and the ontinuum of one-partile sat-tering states, to the spetrosopy of mirror nulei as well as to the desrip-tion of low energy ross setion in the apture reations.PACS numbers: 21.60.Cs, 24.10.Eq, 25.40.Lw, 27.20.+n1. Introdution50 years have passed sine the introdution the Shell Model (SM) [1℄. Itsfoundations have been understood when the onnetion between elementarynuleon�nuleon interation and the existene of a smooth e�etive nulearpotential with the spin�orbit oupling was established [2℄. The investigationof how the residual two-body interation ating between nuleons in thise�etive nulear potential an give rise to the observed spetra, started inmid 50s with the �rst appliation of the multion�gurational SM in p-shell,aiming at an understanding of the evolution of nuleon oupling sheme fromLS toward jj oupling with inreasing mass number [3,4℄. These works havegiven birth to the nulear struture theory whih is �ourishing nowadaysand whose breath taking ahievements aompany the reent experimental� Invited talk presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 1�11, 1999.�� This leture is devoted to the memory of late Professor Zdzisªaw Szyma«ski.(311)



312 K. Bennaeur et al.e�orts trying to reah drip-lines and testing limits of nulear stability athigh angular momenta and extreme shapes.At the beginning, the sattering ontinuum was absent in the SM. Thenuleons were assumed to oupy the single partile (s.p.) orbits of boundaverage potential, perfetly isolated from the external environment of sat-tering states. The suess of SM was so onvining that even problems en-ountered early in desribing the spetra of mirror nulei (e.g. 13C, 13N [5℄),whih revealed a subtle in�uene of ontinuum depending on the position ofrespetive partile emission thresholds, did not hange the fundamental sep-aration of the `nulear struture' and the `nulear reation' methods. Thisseparation, whih grew with time to a kind of paradigm of nulear physis,was weaker in early days. It was Feshbah at the end of 50s who expressedthe ollision matrix of optial model in terms of matrix elements of thenulear Hamiltonian [6℄. This has given strong push to the SM approahto the nulear reations [7℄. The basi idea of this ontinuum shell model(CSM) approah is to use the �nite depth s.p. potential and to onsiderno more than one nuleon in the sattering state [8℄. The latter limitationrestrits the appliability of the CSM to reation involving one nuleon inthe ontinuum.Desription of weakly bound exoti nulei lose to the drip-lines suhas, e.g., 8B or 11Li in their ground state (g.s.), is an exiting theoretialhallenge. The proximity of partile ontinuum in these nulei imply thatvirtual exitations to ontinuum states annot be negleted as they mod-ify the e�etive interations and ause the large spatial extension of densitydistribution (nulear halo e�et). The Shell Model Embedded in the Contin-uum (SMEC), in whih realisti N -partile SM solutions for (quasi-)boundstates are oupled by the residual interation to the one-partile satteringontinuum, is a reent development of the CSM [9℄ for the desription ofompliated low energy exitations of weakly bound nulei.2. Few remarks on Shell Model Embedded in the ContinuumIn SMEC, the bound (interior) states together with its environment ofone-nuleon hannels form a losed quantum system. Using the projetionoperator tehnique, one separates the P subspae of asymptoti hannelsfrom the Q subspae of many-body loalized states whih are build up bythe bound s.p. wave funtions and by the s.p. resonane wave funtions.P subspae is assumed to ontain (N � 1)-partile states with nuleonson bound s.p. orbits and one nuleon in the sattering state. Also the s.p.resonane wave funtions outside of the uto� radius Rut are inluded in theP subspae. The resonane wave funtions for r < Rut are inluded in theQ subspae. The wave funtions in Q and P are then properly renormalized



Capture Reations of Astrophysial Interest : : : 313in order to ensure the orthogonality of wave funtions in both subspaes.The disussion of SMEC formalism an be found in Ref. [10, 11℄. Theomplete solution in SMEC is onstruted in three steps. In the �rst step,one alulates the (quasi-) bound many-body states in Q subspae by solvingthe multion�gurational SM problem: HQQ�i = Ei�i, whereHQQ is the SMe�etive Hamiltonian whih is appropriate for the SM on�guration spaeused. To generate both the radial s.p. wave funtions in the Q subspae andthe sattering wave funtions in P subspae we use the average potentialof Saxon�Woods (SW) type with the spin�orbit and Coulomb potentialsinluded [10, 11℄. For the ontinuum part, one solves the oupled hannelequations: X0 (E(+) �H0 )�0(+)E = 0 ; (1)where index  denotes di�erent hannels and the supersript (+) meansthat boundary onditions for inoming wave in the hannel  and outgoingsattering waves in all hannels are used. The hannel states are de�nedby oupling of one nuleon in the sattering ontinuum to the many-bodySM state in (N � 1)-nuleus. Finally, the third system of equations onsistsof inhomogeneous oupled hannel equations with the soure term whihouples the N -nuleon loalized SM states with (N � 1)-nuleon loalizedSMEC states plus one nuleon in the ontinuum. These equations de�nefuntions !(+)i , whih desribe the deay of quasi-bound state �i in theontinuum.Using the SM Hamiltonian in Q subspae implies that the oupling be-tween (quasi-) bound and sattering states has to be generated by the resid-ual interation (for that purpose we use the zero-range interation with thespin-exhange inluded). The matrix elements of this interation enter bothin the soure term of inhomogeneous oupled hannel equations and in thehannel�hannel oupling potential (1): H0 = (T + U)Æ0 + �J0 ; whereT is the kineti energy operator and �J0 is the oupling generated by theresidual interation. The potential for hannel  onsists of �initial guess�,U(r), and diagonal part of oupling potential �J whih 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 funtions �l;jde�ning Q subspae, whih in turn modify the diagonal part of the residualfore, the soure term, et. Hene, the solution of oupled hannel equa-tions (1) is aompanied by the self-onsistent iterative proedure whih, foreah 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 fore. The parameters of U(r) are hosen in



314 K. Bennaeur et al.suh a way that U (s)(r) reprodues energies of experimental s.p. states,whenever their identi�ation is possible.3. Example of appliations: 8Li, 8BThe solution of solar neutrino problem, i.e., an observed de�it of neu-trinos with respet to preditions of the Standard Solar Model (SSM) [12℄,is passing through an understanding of the apture reation: 7Be(p; )8B.(8B produed in the solar interior is the prinipal soure of high energyneutrinos deteted in solar neutrino experiments.) At the solar energies(ECM � 20 keV), this ross-setion is too small to be diretly measur-able. For this reason, the theoretial analysis of this reation is so im-portant. On the other hand, whenever measurement is feasible (> 150 keV),the exat value of the apture ross setion depends: (i) on the normal-ization obtained indiretly from the 7Li(d; p)8Li ross setion and, (ii) onthe model dependent extrapolation of measured values of the ross-setiondown to the interesting domain of solar energies. Measured values for7Be(p; )8B ross setion are varying strongly, though reent experimentsonsistently indiate low values (S < 20 eV�b) of the astrophysial fatorS � �CM(ECM)ECM exp(�2��), where � = e2Z1Z2=~v [13, 14℄.Part of the theoretial ambiguities an be removed by a simultaneousstudy of the 7Li(n; )8Li mirror reation, whih has also been studied by sev-eral experimental groups [15℄. In the ontext of the solar neutrino problem,the 7Li(n; )8Li ross setion is often used to extrapolate the 7Be(p; )8Bross setion down to the solar energies [13℄. The 7Li(n; )8Li reation atvery low energies is also extremely interesting in itself as it provides the es-sential element of rapid proess of primordial nuleosynthesis of nulei withA � 12 in the inhomogeneous big-bang models [16℄ allowing to bridge thegap of mass A = 8 and to produe heavy elements.3.1. The self-onsistent determination of Q subspaeConstrution of Q subspae by the SMEC with the SM soure 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 -nuleon system as well as on the one-bodymatrix elements of (N�1) - nuleon daughter system. In the studied ases of8B, 8Li, all these potentials have the same parameters of radius R0 = 2:4 fm,surfae di�useness a = 0:52 fm, and spin�orbit oupling VSO = �4MeV.Cohen�Kurath (CK) interation [17℄ is used as a SM interation and thestrength of the residual interation is: V (0)12 = 650MeV�fm3 [10℄. Fig. 1shows typial 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 funtionsin J� = 1+; 2+ (T = 1) bound states and resonanes 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 whih 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 spetrosopi fatorof 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 whih is absent in U(r). Theself-onsistent potentials U (s)(2+) and U (s)(1+) are di�erent , in spite of thefat 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 reprodue 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 surfaeregion shows in general weak sensitivity to the self-onsistent orretion,exept for weakly-bound many-body states having an important admixtureof l = 0 and l = 1 neutron s.p. states.There is no lear indiation onerning 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 spetrosopi observables have been alulated for 8B and 8Li [10℄.The quadrupole moment hQi of 8B provides a useful test of the SMECwave funtion, in partiular of its radial part. The SMEC solutions yields:hQith = 6:99 e fm2, in good agreement with the experimental value [18℄:



316 K. Bennaeur et al.hQiexp = 6:83�0:21 e fm2. This theoretial value has been obtained assum-ing the e�etive harges: ep = 1:35, en = 0:35, and the SM spetrosopi fa-tors for the CK interation. The analogous alulation 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-setionsOne the parameters of the initial SW potential and the residual in-teration oupling states in Q and P have been �xed based on the stru-tural informations, we alulate the apture ross-setion for 7Be(p; )8B(see Fig. 2). We found that the E1 and E2 ontributions as well as thetotal ross-setion are insensitive to the size of spin-exhange term in theresidual fore. On the ontrary, the M1 ontribution and partiularly itsresonant part, are sensitive to it. Hene, the Coulomb dissoiation (CD)experiments, in whih the ontributions of E2 and M1 multipolarities aswell as nulear breakup an be disproportionately enhaned in ertain kine-matial regimes will hopefully give some information about the ontinuumoupling [19℄. The low energy dependene 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 astrophysial S-fator for the reation 7Be(p; )8B is plotted as afuntion of .m. energy. The SMEC alulations have been done using the spin-exhange parameter 0:05 [10℄. The experimental points are from Refs. [13, 14℄.
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Fig. 3. The ross-setion for the reation 7Li(n; )8Li is plotted as a funtion of.m. energy. The experimental points are taken from [15℄.The mirror reation: 7Li(n; )8Li together with a simultaneous desrip-tion of energy spetra and partile deay widths of 8B and 8Li, provides astringent test for SMEC alulations. The SM interation and SM many-body wave funtions (e.g. the spetrosopi amplitudes) are idential inboth ases. The self-onsistent one-body potentials whih take into aountresidual oupling of Q and P subspaes and whih determine the radialformfators of s.p. wave funtions used in the alulation of matrix elementsof the residual interation, are optimized in the same way in 8B and in 8Li.Finally, the parameters of diret and spin-exhange terms in the residualinteration 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. wavefuntions 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 nulear interior even in the low energy limit. The satteringlengths aS , where S is the hannel spin, are known from elasti satteringof neutrons. So for the s-wave in the initial hannel we use a proedure ofreadjustment of appropriate s-wave sattering potentials in order to repro-due experimental values of sattering lengths [20℄. Fig. 3 shows the totalneutron apture ross-setion as a funtion of the .m. energy. The SMECalulation reprodues very well the experimental data at these very lowenergies.



318 K. Bennaeur et al.3.3. Coulomb dissoiation ross setionThe CD method provides an alternative indiret way to determine theross setions for the radiative apture reations at low energies. The doubledi�erential ross-setion for the Coulomb exitation 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 diretion of the .m. of the [p �7 Be℄ system(to be referred as 8B�) with respet to the beam diretion. ��� (E) is theross-setion for the photo-disintegration proess: +8B !7Be + p, withphoton energy E , and multipolarity � = E (eletri) or M (magneti),and order � = 1; 2 : : :, whih is related to that of the radiative aptureproess: 7Be + p! 8B + , through the theorem of detailed balane. 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 Coulombdissoiation ross setions. n��(E) in Eq. (2) represents the number ofequivalent (virtual) photons provided by the Coulomb �eld of the target tothe projetile [22℄.
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Fig. 4. Comparison of the E1 + E2 (solid lines) CD ross setions alulatedfor the two versions of SMEC for di�erent amount of the spin-exhange [19℄ withthe experimental data [23℄. The individual E1 and E2 omponents are shown bydashed and dotted lines respetively.



Capture Reations of Astrophysial Interest : : : 319In Fig. 4, we present the omparison of the measured CD ross setionsfor the reation 8B + 208Pb ! 8B� + 208Pb at E=A = 250MeV [23℄, withthose alulated for two di�erent input apture ross setions of SMEC,whih di�er by the amount of the spin-exhange. In (a) the spin-exhangeparameter equals 0.27 and in (b) it equals 0.05. The latter ase orrespondsto an almost pure Wigner fore limit for this oupling. The CD data atthese high energies seem to show sensitivity to the apture ross setions, inpartiular to its M1 and E2 omponents, alulated within di�erent modelsof 8B struture. We would like to reall 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 CDalulations 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 struture of 8B whih was not feasible by similar studies atlower beam energies. 4. ConlusionsWe have shown here few seleted appliations of the SMEC, whih isa natural extension of the SM for the study of both nulear struture andnulear reations for weakly bound nulei. The oherent treatment of theQ and P subspaes allows to ross-hek the e�etive interations both onthe struture data and the reation data. This allows for a fruitful reex-amination of the SM e�etive interations for nulei far from the �-stabilityline. Moreover, reation data an be used to gain further information aboutthe e�etive interations by analyzing the N -body nature of resonanes.SMEC model in its present form inludes the oupling to one-nuleon on-tinuum. The wealth of experimental data an be desribed in a uni�edframework of SMEC. These inlude: (i) the alulation of energy spetra,B(��) transition matrix elements and various stati nulear moments suhas the magneti or mass/harge quadrupole moments et., (ii) the alula-tion of various radiative apture proesses: (p; ), (n; ), Coulomb breakupproesses: (; p), (; n) and elasti or inelasti ross setions (p; p0), (n; n0);some of these observables have been disussed in this work. Problem ofisospin symmetry breaking due to the oupling to the ontinuum an beaddressed by omparing eletromagneti proesses, e.g., B(��) transitionmatrix elements for ertain states in mirror nulei, and weak interationproesses like the �rst-forbidden �-deay in mirror reations. Finally, fornulei lose and beyond the proton (neutron) drip lines, the spontaneous



320 K. Bennaeur et al.proton (neutron) radioativity an be studied in the mirosopi frameworkof SMEC (SM). These unifying features of SMEC approah are extremelyuseful for understanding of the struture of exoti nulei far from the �-stability for whih the available experimental information will be sare.Compliated resonane strutures play vital role in the near thresholdbehaviour of various apture proesses involved in the stellar nuleosynthe-sis. We have shown some results for mirror reations: 7Be(p; )8B and7Li(n; )8Li. Further appliations to 16O(p; )17F an be found in [11℄.Other important reations of CNO-yles, like: 13N(p; )14O, 17F(p; )18Ne,19Ne(p; )20Na or 21Ne(p; )22Na are presently under the investigation (forfurther disussion see [25℄). The SMEC an be easily extended also forthe desription of �-nuleosynthesis [25, 26℄. More ompliated deay han-nels involving, e.g., � partile, 3He or 3H in the ontinuum, are beyond thesope of SMEC in its present form, though future extension of the SMEC forsuh luster on�gurations is possible in a framework proposed by Balashovet al. [27℄.It is a pleasure to aknowledge stimulating disussions with E. Caurier,S. Dro»d», I Rotter and R. Shyam at various stages of the development ofthis projet. This work was partly supported by KBN Grant No. 2 P03B097 16 and the Grant No. 76044 of the Frenh�Polish Cooperation.REFERENCES[1℄ O. Haxel, J.H.D. Jensen, H.E. Suess, Phys. Rev. 75, 1766 (1949); M.G. Mayer,Phys. Rev. 78, 16 (1950).[2℄ K.A. Bruekner, in D.R. Bates, Quantum Theory, Vol. III, Chapt. VIII, Aa-demi Press, New, York, London 1962; K.A. Bruekner, L. Gammel, Phys.Rev. 109, 1023 (1958); H.A. Bethe, Phys. Rev. 103, 1353 (1956).[3℄ A.M. Lane, Pro. Phys. So. A 68, 189 (1955); Pro. Phys. So. A 68, 197(1955); D. Kurath, Phys. Rev. 101, 216 (1956).[4℄ D.H. Wilkinson, Pro. Robert A. Welsh Foundation Conf. Chemial Researh.I. The Struture of the Nuleus, Houston, Texas 1957, p. 13.[5℄ J.B. Ehrman, Phys. Rev. 81, 412 (1951).[6℄ H. Feshbah, Ann. Phys. 5, 357 (1958); Ann. Phys. 19, 287 (1962).[7℄ W. Brenig, Nul. Phys. 13, 333 (1959); U. Fano, Phys. Rev. 124, 1866 (1961);L.S. Rodberg, Phys. Rev. 124, 210 (1961); W.M. Madonald, Nul. Phys. 54,393(1964); Nul. Phys. 56, 636 (1964).[8℄ C. Mahaux, H. Weidenmüller, Shell-Model Approah to Nulear Reations,North-Holland, Amsterdam 1969.[9℄ H.W. Bartz, I. Rotter, J. Höhn, Nul. Phys. A275, 111 (1977); Nul. Phys.A307, 285 (1977).



Capture Reations of Astrophysial Interest : : : 321[10℄ K. Bennaeur, F. Nowaki, J. Okoªowiz, M. Pªoszajzak, J. Phys. G 24, 1631(1998); Nul. Phys. A651, 289 (1999).[11℄ K. Bennaeur, F. Nowaki, J. Okoªowiz, M. Pªoszajzak, Preprint GANILP 99/26.[12℄ J.N. Bahall, R.K. Ulrih, Rev. Mod. Phys. 60, 297 (1988).[13℄ B.W. Filippone et al., Phys. Rev. Lett. 50, 452 (1983).[14℄ F. Hammahe et al., Phys. Rev. Lett. 80, 928 (1998).[15℄ Y. Nagai et al.,Ap. J. 381, 444 (1991); J.E. Lynn, E.T. Jurney, S. Raman,Phys. Rev.C44, 764 (1991); J.C. Blakman et al., Phys. Rev.C54, 383 (1996).[16℄ J.H. Applegate, C.J. Hogan, R.J. Sherrer, Phys. Rev. D35, 1151 (1987); Ap.J. 329, 572 (1988); G.M. Fuller, G.J. Mathews, C.R. Alok, Phys. Rev. D37,1380 (1988).[17℄ S. Cohen, D. Kurath, Nul. Phys. A73, 1 (1965).[18℄ T. Minamisono et al., Phys. Rev. Lett. 69, 2058 (1992).[19℄ R. Shyam, K. Bennaeur, J. Okoªowiz, M. Pªoszajzak, Preprint GANIL99/18; Nul. Phys. (2000), in print.[20℄ F.C. Barker, Aust. J. Phys. 33, 177 (1980).[21℄ G. Baur, C.A. Bertulani, H. Rebel, Nul. Phys. A458, 188 (1986).[22℄ A.N.F. Alexio, C.A. Bertulani, Nul. Phys. A505, 448 (1989).[23℄ F. Boué, Ph.D. Thesis, University of Bordeaux 1, Centre d'Etudes Nuléairesde Bordeaux - Gradignan, Report C.E.N.B.G. 99-03; N. Iwasa et al., Phys.Rev. Lett. 83, 2910 (1999).[24℄ T. Motobayashi et al., Phys. Rev. Lett. 73, 2680 (1994); T. Kikuhi et al.,Phys. Lett. B391, 261 (1997).[25℄ K. Langanke, Ata Phys. Pol. B31, 281 (2000).[26℄ S.E. Woosley, D.H. Hartmann, R.D. Ho�man, W.C. Haxton, Astrophys. J.356, 272 (1990).[27℄ V.V. Balashov, A.N. Boyarkina, I. Rotter, Nul. Phys. 59, 414 (1964).


