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Spetrosopy of 17C and (sd)3 strutures in heavy arbonisotopesH.G. Bohlen1, R. Kalpakhieva2;3, W. von Oertzen1;4, T.N. Massey5, A.A. Ogloblin6, G. de Angelis7, M. Milin8,Ch. Shulz1, Tz. Kokalova1, and C. Wheldon11 Hahn-Meitner-Institut Berlin, Glieniker Strasse 100, D-14109 Berlin, Germany2 Flerov Laboratory of Nulear Reations, JINR, RU-141980 Dubna, Russia3 Institute for Nulear Researh and Nulear Energy, BAS, Blvd. Tsarigradsko Shosse 72, BG-1784 So�a, Bulgaria4 Freie Universit�at Berlin, Fahbereih Physik, Arnimallee 14, D-14195 Berlin, Germany5 Department of Physis and Astronomy, Ohio University, Athens, Ohio 45701-2979, USA6 IGNP, RCC Kurhatov Institute, Kurhatov Square 1, RU-123182 Mosow, Russia7 INFN, Laboratori Nazionali di Legnaro, I-35020 Legnaro, Italy8 Ruder Bo�skovi� Institute, Bijenika 54, HR-10002 Zagreb, CroatiaFebruary 20, 2007Abstrat. The struture of 17C has been investigated using the three-neutron transfer reation (12C,9C) ona 14C target at 231 MeV inident energy, the reation Q-value is Q0 = -46.930 MeV. Eleven new states upto 16.3 MeV exitation energy were identi�ed. The same reation has also been used on a 12C target (Q0 =-38.787 MeV), and exited states in 15C up to 19 MeV were observed. In 17C the three transferred neutronspopulate (sd)3 on�gurations on the 14C ore. The omparison of levels populated by the (12C,9C) reationin 17C, 16C and 15C reveals a strong similarity of their properties. This onerns espeially nine states ineah of the three arbon isotopes, whih show pratially the same exitation energies exept a onstantmean shift of +5.82 MeV for 16C and +6.65 MeV for 15C with respet to 17C. The triples of states fromthe three isotopes, whih orrespond to eah other, have also similar widths and ross setion ratios. It isonluded that the same (sd)3 strutures are populated in the three arbon isotopes. The observed levelsof 17C are also ompared to the levels of 19O with known assignments and to shell-model alulations, andtheir deay properties are disussed.PACS. 2 1.10.Hw, 21.10.P, 25.70.Hi, 27.20.+n1 IntrodutionThe ground state properties of neutron-rih arbon iso-topes (A�15) have been investigated by many authorsin radioative-beam experiments using single-neutron re-moval reations in order to obtain information about thehalo struture from the momentum distributions (see e.g.refs. [1{5℄). Spin-parities of the ground states have beenobtained using the dependene of the momentum distri-butions and removal ross setions on the single-partilebound state properties of the removed neutron. This me-thod has been further re�ned by measuring, after neutronremoval, also partial ross setions and branhing ratios of-transitions in the residual nuleus in oinidene [6,7℄.Corresponding theoretial investigations of ground stateproperties have been performed by Ridikas et al. [8℄, Sa-gawa, Suzuki and Hagino [9,10℄, and Desouvemont [11℄(see also refs. therein). Most of the interpretations of thesingle-neutron removal data, i.e. refs. [6,7℄, are based onCorrespondene to: bohlen�hmi.de

neutron wave funtions from shell model (SM) alula-tions with interations from Warburton and Brown [12℄or from Millener-Kurath [13℄.For 17C the mass exess and a single partile-stableexited state at 295 �10 keV have been measured in 1977by Nolen et al. [14℄ and later also by Fi�eld et al. [15℄ us-ing in both ases the 48Ca(18O,17C)49Ti reation. But inthis reation only exited states below the neutron thre-shold of 17C at 0.729 MeV an be observed. These authorsexpeted from systemati trends for the spin-parity of theground state possible values of 1/2+, 3/2+ or 5/2+, be-ause the orresponding lowest-lying states were estimatedto be almost degenerate in 17C [14℄. A unique assignmentof the ground state ould be ahieved later by exlusion oftwo of the three values: On the one hand Warburton andMillener [16℄ showed in the analysis of the feeding ratiosof -transitions in 17N after �� deay of 17C [17℄, thata 5/2+ assignment "is highly disfavoured independent ofany model", and this assignment should be exluded. Adeision in favour of one of the remaining options ouldnot be made from this analysis, although a preferene for



2 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes3/2+ was found from the value of the half-life (experimen-tal value: 202�30 ms [18℄). On the other hand, g-fatormeasurements for the 17C ground state by H. Ogawa etal. [19℄ exluded de�nitely the assignment 1/2+, beausethe measured g-fator is almost six times smaller than thevalue predited for 1/2+ by reliable theoretial alula-tions [10,19℄, whereas it agrees well for the 3/2+ and 5/2+assignments (both values are almost equal). Sine 5/2+ isexluded by the analysis of the �� deay data and 3/2+agrees well in all ases, only the latter value remains forthe spin-parity of the ground state. This assignment is alsofound as the optimum value in most of the analyses of thesingle-neutron removal measurements [4,6,7℄.Reently Stanoiu et al. [20℄ identi�ed in the in-beam-spetrosopy of 17C two -lines at 207(15) keV and329(5) keV. These results have been on�rmed by Elekeset al. [21℄, who found 210(4) keV and 331(6) keV in theinelasti sattering p(17C,17C')p. They showed that these-lines are unorrelated and belong to transitions fromtwo di�erent exited states to the ground state, the -transition from the 0.33 MeV state being muh stronger.This ould be well explained using main on�gurations of[�(1d5=2)3℄ 5/2+ for the former and [�(1d5=2)2 
 2s1=2℄1/2+ for the latter state. The results from the three-nuleontransfer reation 48Ca(18O, 17C)49Tig:s: [14,15℄ an alsobe understood with these assignments onsistently. In thisreation the largest ross setion is expeted for the 5/2+state, in good agreement with the observations. The rosssetion for the ground state (3/2+) is muh weaker, anda state at about 0.2 MeV (1/2+) was not observed, theross setion for the 1/2+ state is obviously too small.Above the neutron threshold (0.729 MeV) three statesof 17C ould be observed in the �-deay of 17B using ��neutron oinidenes and the neutron time-of-ight [22℄.Their exitation energies are 3.82(5) MeV, 2.64(2) MeVand (2.25(2)) MeV, the latter value was given only ten-tatively (another weak struture at 1.18 MeV exitationenergy is most probably part of the bakground, when amore realisti shape is used for the bakground). Aord-ing to the measured logft-values these states are assumedto have odd parity, but assignments have not been madeby the authors. SM-alulations for these states are dis-ussed at the end of set. 4.2.It is expeted, that most levels in the low exitationenergy range have a three-neutron (sd)3 on�guration ou-pled to the ore of the 14C ground state with a losedneutron (1p) shell. These strutures are haraterized asneutron 3-partile - 0-hole (3p-0h) states with even parity.A diret three-neutron transfer on 14C an easily populatethese on�gurations.Neutron (1p-1h) exitations of the 14C ore will leadto neutron (4p-1h) odd-parity states in 17C, but these anbe populated only in a higher-order proess starting fromthe 14C ground state.Strutures with ore exitations may be also disussedin 16C for omparison. The states of 16C have been stud-ied by Balamuth et al. [23℄, Fortune et al. [24,25℄ andSerely et al. [26℄ using the two-neutron transfer reation14C(t,p)16C. In this ase ore exitations of the 14C ore

lead to (3p-1h) odd parity states. No suh states ould beidenti�ed in this reation up to 5 MeV, only at 6.11 MeVa state with tentative assignments (2+, 3�, 4+), inludingan odd parity, was found. However, odd parity states werede�nitely identi�ed in 16C above 7 MeV in our previousmeasurement of the 13C(12C,9C) reation [27℄. The (3p-1h) on�gurations are populated, beause the 13C targetnuleus serves as a ore with a built-in neutron 1p1/2-hole.These strutures were identi�ed up to 10.4 MeV, and theyare expeted to extend also to higher exitation energies.In 17C the exitation of protons may ontribute tostates at exitation energies above 7 MeV, sine the lowest2+ state of 14C is loated at 7.01 MeV, whih has a domi-nant proton on�guration. Apart from suh proton exitedon�gurations there should be a strong similarity betweenthe level shemes of 17C and 19O onerning the (sd)3 neu-tron strutures. For the understanding and desription ofthese states it is important to treat all three neutrons out-side the losed shell ores 14C and 16O, respetively, asvalene partiles. Two of the three neutrons may ouplenot only to 0+ (giving rise to the single-neutron on�gu-rations based on the lowest-lying 0+ state of 16C), butalso 2+ or 4+ are possible, whih inreases the numberof spin ouplings and on�gurations tremendously. Strongon�guration mixing and large deformations are expeted.The (12C,9C) three-neutron transfer reation, whihwe have used to investigate the level struture of 17C, hasa very large negative Q-value, Q0= �46.93 MeV, and re-quires therefore relatively high inident energies. In thisase both, the high projetile veloity and the large neg-ative Q-value will lead to a suppression of higher orderontributions with respet to the lowest order transitions.In the following we will refer to the diret 3n-transfer asthe �rst order proess. Signi�ant ontributions from se-ond order proesses like target partile-hole exitationsin ombination with the three-neutron transfer are notexpeted.2 Experimental2.1 MeasurementsThe measurements of the 14C(12C,9C)17C reation havebeen performed at the Q3D magneti spetrograph at ISL,Hahn-Meitner-Institut Berlin. The 12C beam of 231.3 MeVinident energy was delivered by the isohron-ylotron atISL. The omposition of the 14C target has been measuredusing the ERDA method (Elasti Reoil Detetion Analy-sis) to determine absolute layer thiknesses. The followingvalues have been obtained (a systemati error of about5-10% is estimated):14C: 384 �g/m2; 12C: 50 �g/m2; 13C: �1 �g/m2;16O: 8 �g/m2; other onstituents (Z=11-30): �8 �g/m2.Contributions in the spetrum from the 16O ontent werenegligibly small. The heavier onstituents gave rise to aontinuous bakground with a at shape, as will be shownlater. The signi�ant 12C ontent of the 14C target re-quired the measurement of a spetrum of the 12C(12C,9C)reation on a separate 12C target (thikness 200 �g/m2)



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 3for bakground subtration. This reation has been mea-sured at two di�erent magneti �eld settings (�g. 1, upperand entral panels) for a preise energy alibration of thefoal plane. A systemati error of ÆEx � �0.04 MeV isestimated for the exitation energy sales of both, the 15Cand the 17C spetra. The angular aeptane of the spe-trograph was de�ned by the entrane slits for the range ofsattering angles from 3.0o to 7.0o horizontally and �1.5overtially.The foal plane detetor determines the position by thedelay-line read-out tehnique. The high linearity betweenthe momentum of the partile and the position in the fo-al plane, whih is related to the onstant dispersion inthe foal plane [28℄, is well reprodued by the atual al-ibration, as also in previous measurements (see e.g. [27,29℄. An overall energy resolution of 220 keV was obtainedfor the 12C target, and 250 keV for the 14C target dueto its larger thikness. The reation produts were iden-ti�ed using the energy-loss (�E) of the partiles in thegas-�lled foal plane detetor, the energy signal (E) fromthe sintillator behind it and the time-of-ight (ToF) ofthe partiles through the spetrograph. The dependeneof the time-of-ight ToF(�) of the partile on the satter-ing angle � was used to obtain the sattering angle �Lab.Partial angular distributions have been measured in thisway for 15C within the entrane aperture with an angularresolution of 0.3o. This tehnique ould not be applied for17C states, beause the bakground in the 17C spetrumarising from the 12C ontent of the 14C target was toolarge. The measured orrelations between the momentumand �Lab have been used to optimize the resolution byperforming kinematial orretions o�-line. More detailsabout the experimental method are given in [29℄.2.2 Resonanes, strethed on�gurationsIn the analysis of the experimental spetra the states abovethe neutron thresholds (Sn= 1.218 MeV for 15C and Sn=0.729 MeV for 17C) are desribed as single Breit-Wignerresonanes:�(Ede) � �`(Ede) �`(ER)[Ede �ER ��`(Ede)℄2 + [ 12�`(Ede)℄2 (1)The width �`(Ede) and the shift funtion �`(Ede) arealulated aording to eqs. (2) and (3) using the deayenergy Ede = Ex � Sn as independent variable and assu-ming a deay to the ground state of the daughter nuleus.If the deay leads to an exited state at Ex;f in the �nalnuleus, the deay energy Ede is redued by this amount(this is disussed in set. 4.5).�`(Ede) = �R � P`(Ede)=P`(ER) (2)�`(Ede) = [Q`(Ede)�Q`(ER℄=P`(ER)� �R=2 (3)The funtions P`(Ede) (penetrability) and Q`(Ede) arede�ned by Coulomb funtions in the usual way [30℄. Theydepend on the deay angular momentum `. A hannel ra-dius of 6 fm is used in this analysis. The dependene of

the width �`(Ede) on the deay energy and `-value is for-mulated in eq. (2) in a way, whih guarantees, that the�tted experimental width parameter �R is obtained ex-atly at Ede = ER independent of the fat, whether themaximum of the alulated distribution is observed at ERor not. This has been ahieved by a suitable hoie of theboundary ondition B` [30℄ for the shift funtion�`(Ede),that �`(Ede) vanishes at Ede = ER in eq. (3). In thisformulation the extrated experimental values of the reso-nane energy ER and the width �R are not dependent onthe assumed deay `-value, whih is espeially importantfor broad resonanes not far from the threshold.In this work the term strethed on�guration is used atdi�erent plaes to haraterize a speial type of oupling ofseveral angular momenta, e. g., SM-orbits of two or threenuleons. This term denotes on�gurations, where the an-gular momenta of the ative nuleons in given SM-orbitsouple to themaximum angular momentum allowed by thePauli priniple. For example, the strethed on�gurationof three neutrons in a (1d5/2)3 oupling has an angularmomentum of 9/2+. Strethed on�gurations are usuallypopulated with the largest ross setions in heavy-ion in-dued transfer reations, when the reation Q-value of theonsidered two-body reation hannel is very large, eitherpositive or negative, and/or the height of the Coulombbarrier hanges strongly. Then the grazing angular mo-menta of the entrane and exit hannels, Lgr;i and Lgr;f ,respetively, are very di�erent. Optimum reation ondi-tions to obtain large ross setions require in this aselarge angular momentum transfers `tr. Strethed on�gu-rations an \bridge" the gap between Lgr;i and Lgr;f in thebest way. These dynamial angular-momentum mathingonditions and orresponding rules are disussed in detailby Brink [31℄. We will ome bak to this point in set. 4.2.3 BakgroundFig. 1 shows typial spetra of the (12C,9C) reation on12C. Besides the states of 15C there appear in the highexitation energy region broad distributions, whih orre-spond to three-body bakgrounds with the partiles 9C +n + 14C� in the exit hannel, from whih only 9C is de-teted. While the upper and lower panels of �g. 1 showonly part of these distributions, they are observed in fullextention in the entral panel.These three-body ontributions arise from the sequen-tial deay of highly exited 10C�, whih is formed in the2n-transfer reation 12C(12C,10C�)14C�, into 9Cg:s: + n.The deay strength distribution in 10C for the deay into9Cg:s: + n is desribed by a Gaussian positioned at exita-tion energies in 10C above the neutron threshold, Sn(10C)= 21.286 MeV. The orresponding parameters are �xed bythe ondition that the result should �t the shape of the ob-served bakground in the spetra. In the atual ase theposition of the Gaussian is loated just 0.9 MeV abovethe neutron threshold of 10C and the width is 0.7 MeV(FWHM). The very high-lying neutron threshold limitsstrongly the deay into the neutron hannel, beause otherdeay hannels (p-, 2p-, �-, 3He-emission) are open at
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Fig. 1. (Color online) Upper and entral panels: Spetra ofthe three-neutron transfer reation 12C(12C,9C)15C at ELab =231 MeV and two di�erent magneti �eld settings (upper panel:B = 0.9493 T, entral panel: B = 0.9153 T). Lower panel:Spetrum of 15C measured at a �eld setting of 0.9551 T ina previous experiment for the spetrosopy of 16C [27℄ in asmaller angular range from 4o to 7o. The exitation energysales are 120 keV/hannel for the upper and lower panels, and180 keV/hannel for the entral panel. Numbers are exitationenergies in MeV.muh lower exitation energies. Therefore the observedthree-body distributions with 9C as deteted partile arerelatively weak.Suh distributions exist in priniple in ombinationwith all the states of the reoil nuleus 14C� populated inthe 2n-transfer reation, but only the ombination with

the strongest states of 14C are important in the anal-ysis. These are the 3� state at 6.73 MeV with a neu-tron (1d5/2)1(1p1/2)�1 on�guration, and the 4+ state at10.74 MeV with a strethed neutron (1d5/2)2(1p1/2)�2on�guration with respet to the 14C ground state (see�g. 1, upper panel, of ref. [27℄, and ref. [32℄). The two re-sulting three-body distributions an be seen in the entralpanel of �g. 1, they rise at about 13 MeV and 17 MeVexitation energy, respetively. For the spetra measuredat the higher �eld settings the distribution in ombinationwith the 10.74 MeV state did not fall into the momentumaeptane of the foal plane.In the analysis of all the spetra obtained in the (12C,9C) reation on the di�erent targets 12C, 13C and 14C thesame neutron-deay strength distribution of 10C� has beenused, as desribed above. For the 13C and 14C targets thethree-body distributions had to be alulated in ombina-tion with the following states of the reoil nulei to �t thespetra of 16C and 17C: the state at 0.74 MeV (5/2+) in15C� and the state at 4.14 MeV (4+) in 16C�, respetively.There exist also higher-lying states with large ross se-tions in the spetra of the reoil nulei, but the orrespon-ding three-body distributions do not fall into the momen-tum aeptane of the foal plane for the spetra of 16Cand 17C, respetively. The three-body distributions alu-lated in this way have been used to desribe the orres-ponding bakground observed in the spetra of 16C [27℄)and 17C (set. 3.2). More details about the method anbe found in [29℄ and refs. therein.3 ResultsSine the 14C target ontained about 11% 12C, a spe-trum of the 12C(12C,9C)15C reation was needed for bak-ground subtration in the 17C spetrum. This spetrumand also the 15C spetra measured for the energy ali-bration and another one obtained in a previous measure-ment [27℄ are analyzed in detail, espeially in the exi-tation energy region above 6 MeV. The results from thisanalysis are presented at �rst, before the results for 17Care shown.3.1 The 12C(12C,9C)15C reationThe spetra of the 12C(12C,9C)15C reation from the a-tual measurement are shown in the upper and entralpanels of �g. 1 for two di�erent magneti �eld settings.The results of the analysis are given in table 1. This rea-tion was measured already previously in the spetrosopistudy of 16C [27℄ for alibration and bakground subtra-tion purposes, and this spetrum is shown in the lowerpanel of �g. 1. The magneti �eld setting was very similaras for the higher �eld of the present measurement (�g. 1,upper panel). In ref. [27℄ only the exitation energies of15C were given, and only the assignment of the doubletat 6.84 MeV / 7.37 MeV was disussed. Now the widthsand ross setions are also given in table 1 (olumns 4and 5) for all the eleven states between 6.84 MeV and



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 5Table 1. States of 15C observed in the three-neutron stripping reation 12C(12C,9C)15C at 231 MeV for two di�erent angularranges: 3o� 7o (olumns 1 - 3), and 4o� 7o (olumns 4, 5). The following entries are shown: exitation energies Ex, widths ofresonanes �R, ross setions d�/d
 in the enter-of-mass system for the present measurement, widths and ross setions forthe previous measurement [27℄, assignments dedued from the (12C,9C) reation (see also Table 4 and sets. 4.4, 4.5) and, foromparison, assignments from the literature.12C(12C,9C)15C, EL=231 MeV 9Be(7Li,p) 13C(t,p) 14C(d,p)�L=3o-7o �L=4o-7o [27℄ J� [34℄ [35℄ [36℄ [37,38℄Ex, J� �R d�/d
 �R d�/d
 [27℄ and Ex J� assignments[MeV ℄ [MeV ℄ [�b=sr℄ [MeV ℄ [�b=sr℄ this work [MeV℄0.00 g.s. 1/2+ 1/2+0.74 0.19(9) 0.05(2) 0.740 5/2+ 5/2+4.22 0.17(5) 0.04(2) 4.220(3) (5/2, 7/2) 5/2� (7/2+)6.35(2) <0.01 0.23(7) � � 6.358(6) (5/2) (7/2, 9/2)+6.84(2) 0.02(1) 3.8(7) 0.02(1) 2.40(15) 9/2� 6.841(4) (11/2 , 13/2) (7/2, 9/2)�7.37(5) 0.03(2) 0.28(5) 0.05(3) 0.31(5) 7/2� 7.352(6) (9/2 , 11/2) (9/2, 7/2)�8.45(3) 0.08(4) 0.46(9) 0.03(2) 0.27(5) (3/2+ - 7/2+) 8.47(15) (9/2 - 13/2)9.75(2) 0.08(5) 0.90(5) 0.08(5) 0.79(8) (9/2+) 9.79(2) (9/2 - 15/2)10.2(1) 0.15(12) 0.2(1) 0.15(8) 0.14(4) 10.25(2) (5/2 - 9/2)11.05(3) 0.12(5) 0.66(6) 0.10(5) 0.55(7) (5/2+ - 9/2+) 11.02(3) (11/2 - 19/2)11.8(8) 0.16(8) 0.33(5) 0.20(7) 0.37(6) 11.83(2) (�13/2)13.1(1) 0.30(8) 0.94(9) 0.30(6) 1.00(9) (5/2+)13.8(2) 0.3(2) 0.38(5) 0.3(2) 0.31(6)14.57(5) 0.14(5) 0.80(7) 0.08(4) 1.04(9) (11/2+)16.0(2) 0.3(1) 0.40(5) 0.3(1) 0.38(6)17.8(2) 0.4(2) 0.51(8)19.0(2) 0.8(5) 0.56(4)15.9 MeV. In the present experiment the measured an-gular range is extended to smaller sattering angles until3o (�g. 1, upper panel). The ross setions are thereforeslightly di�erent as ompared to the ones of the previousmeasurement (olumns 3 and 5 in table 1).The measurement of the 12C(12C,9C) reation has alsobeen performed at exatly the same magneti �eld settingneeded for the spetrosopy of 17C states (B= 0.9153 T).The orresponding spetrum is shown in the entral panelof �g. 1. At this lower �eld we �nd two more resonanes: at17.8(2) MeV and 19.0(2) MeV. With these measurementsat the two �eld settings the 15C spetra over a range ofexitation energies from the ground state up to 26 MeV(�g. 1).At the higher �eld settings (�g. 1, upper and lowerpanels) the spetra are free from ontamination lines fromoxygen, whih indiates, that the oxygen ontent in the12C targets is very small. Consequently, this is also true forthe measurements at the lower �eld (�g. 1, entral panel)using the same 12C target. Conerning ontributions fromthe 13C ontent (1.1 %) of natural arbon we an say, thatthe strongest line of 16C, the 4+ state at 4.14 MeV [27℄,is observed in �g. 1, upper and lower panels, only as onesingle ount on the right side of the peak at 4.22 MeV,therefore all other states of 16C do not ontribute to theatual 15C spetra.States of 15C were known from other reations [34{38℄ up to 11.825(20) MeV exitation energy. The ener-gies of the states, whih we observed up to this value,agree with the values from the literature within �30 keV.

As disussed in [27℄ the strongest line of 15C in �g. 1at 6.84 MeV exitation energy orresponds to the 92�state with strethed [(1d 52 )24+(1p 12 )�1℄9=2� (2p-1h) neu-tron on�guration. The oupling partner 72� at 7.37 MeVwith anti-parallel spin oupling of the 1p 12 -hole is popu-lated a fator of about ten more weakly.In the analysis of the spetra the Breit-Wigner lineshape was folded with the experimental resolution (220 keVfor the 12C target). The exitation energies displayed inthe three spetra of �g. 1 were obtained in individual �tsof eah spetrum. Sine they show small di�erenes, onlymean values are given in olumn 1 of table 1. These anbe ompared to values from the literature [34℄ given inolumn 7. A small peak at 12.6 MeV ited in our previousmeasurement [27℄ ould not be identi�ed in the presentdata, probably beause it is very weak and positioned onthe tail of the 13.1 MeV state. However, two other weakstates, known from ref. [34℄ at 6.35 MeV (5/2+ - 9/2+)and 10.2 MeV (5/2 - 9/2), ould be on�rmed.The widths obtained in both measurements (table 1)agree well within the errors. Values of �R are known fromthe literature [34℄ for most of the states up to 11.82 MeV,and our values are in agreement up to 8.47 MeV, whereaswe �nd larger widths for the states above.Although the angular aeptane of the present mea-surement inludes a range of smaller sattering angles (thelower limit is at 3o) as ompared to the previous run (4o),most of the ross setions agree within the error bars. How-ever, in a few ases di�erenes are observed. For the statesat 0.74 MeV, 4.22 MeV, 6.35 MeV, 6.84 MeV the ross se-
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Fig. 2. (Color online) Partial angular distributions of statespopulated in the 12C(12C,9C)15C reation at 230.7 MeV. Theurves orrespond to oupled hannel alulations using theode Freso [33℄, whih are disussed in set. 4.4. Exitationenergies (in MeV), spins (multiplied by two) and parities, plotfators PF used for the plot of the angular distributions on aommon sale and strength fators SF to normalize the alu-lations to the data are given for eah state.tions from the previous run are signi�antly lower than theones obtained in the atual measurement, whih indiatesa rise of the angular distribution to forward angles.Partial angular distributions have been obtained forthe seven exited states of 15C at 6.84 MeV, 7.37 MeV,8.45 MeV, 9.75 MeV, 11.05 MeV, 13.10 MeV and 14.57MeV from the time-of-ight to sattering-angle orrelation(see set. 2.1). They are shown in �g. 2, and the analysisis disussed in omparison to the results of 17C in set.4.4.3.2 The 14C(12C,9C)17C reationIn �g. 3 the upper panel shows a spetrum of the 14C(12C,9C)17C reation after bakground subtration, and in theentral panel the full spetrum is shown together witha bakground spetrum resulting from the 12C ontent(11%) in the target. The latter spetrum was measured atunhanged onditions, whih were set for the spetrosopyof 17C on the 14C target. This onerns the magneti �eldsettings, kinematial orretions and angular aeptanes.The spetrum is shown in the lower panel.

In the entral panel of �g. 3 the very strong ontami-nation line from the exited state of 15C at Ex = 6.84 MeVan be seen, aording to the energy alibration, at about200 keV above the expeted position of the 17C groundstate. However, a peak of the 17C ground state ould notbe identi�ed, �rst of all, beause the tail of the strong15C state overs this area, and also, beause another on-tinuous bakground exists in the full measured exitationenergy range of the spetrum (see below). At the high-energy tail of the strong 15C state an additional line hasto be inserted at a position of 0.31(4) MeV to �t this regionorretly. This is in agreement with reent results obtainedby Stanoiu et al. [20℄ and Elekes et al. [21℄ from in-beam-spetrosopy, whih show a -transition at 331(6) keV in17C, whereas two results from transfer reations to boundstates of 17C show slightly lower values around 295(20)keV [14,15℄. The next higher-lying peak is a small on-tamination line from the 15C exited state at 7.37 MeV,whih is well separated from the strong state at 6.84 MeV.Both states are the members of the 7/2�, 9/2� doublet of15C with a neutron (4+
 1/2�) (2p-1h) struture, whihhas been disussed already in the previous setion.Above the 7.37 MeV state of 15C the bakground fromthe 12C ontent in the target dereases almost to zero andstays low for almost 1 MeV, before the 8.45 MeV statebeomes visible (see lower panel). However, in the entralpanel, this minimum is �lled by another bakground on-tribution, and suh a situation is observed also at severalother plaes in the spetrum. To �t the 17C spetrum inthe full exitation energy range it was neessary to in-trodue in addition a at linear bakground indiated by(2) in �g. 3. The minima in the ounting rate of the 17Cspetrum (entral panel) at exitation energies between(i) 1.0 MeV and 1.8 MeV, (ii) 2.3 MeV and 2.8 MeV and(iii) 3.6 MeV and 4.0 MeV reeive only very small on-tributions from the 12C bakground, therefore other on-taminations in the target are responsible for the ountsobserved here. Sine the target has some ontent fromZ�11 elements, we assume, that these produe a at andsmooth bakground, whih is approximated by the shownline. This at shape an be expeted due to the very dif-ferent kinematial energy dependene of the reations onthese heavier elements as ompared to 14C. The normal-ization of this bakground is obtained from the regions (i)- (iii) mentioned above. As a onsequene also the nor-malization of the bakground from the 12C ontamina-tion is determined, espeially through the 15C states at6.84 MeV, 8.45 MeV, 11.05 MeV and 11.8 MeV and athigh exitation energies.Similar to the 12C(12C,9C)15C reation we observe inthe 17C spetrum at large exitation energies a three-body distribution originating from the sequential deay ofhighly exited 10C� ejetiles into 9Cg:s: + n. This three-body bakground is alulated from the reation 14C(12C,9C+n)16C�, where the reoil nuleus 16C is exited to the4+ state at 4.14 MeV. This state reeives by far the largestross setion in the 16C spetrum [27℄; states at lower exi-tation energies are very weakly populated or not observed.As an be seen in �g. 3 (entral panel, line (3)), the three-
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Fig. 3. (Color online) Upper panel: Spetrum of the14C(12C,9C)17C reation after bakground subtration of on-tributions from target ontaminations. Central panel: Thespetrum as measured in the foal plane. The bakground (1)from the 12C ontent in the 14C target is indiated by theshaded area (olour: yan). The strong peak on the right or-responds to the 9/2� state of 15C at 6.84 MeV. The linear bak-ground (2) results from target ontaminations with Z� 11. Thebroad distribution (3) on the left desribes the �tted three-body distribution for 9C + n + 16C� (see set. 2.3). States of17C are marked as downward hathed (red) areas. Lower panel:Spetrum of the 12C(12C,9C)15C reation measured at exatlythe same onditions as for 17C.

Table 2. States of 17C observed in the three-neutron strippingreation 14C(12C,9C)17C at 231.3 MeV. The following entriesare given from left to right: No. of the state, exitation energy,width (for a resonane), ross setion in the enter-of-mass sys-tem, statistial signi�ane alulated from the full spetrum.In the lower part results from the 48Ca(18O,17C) reation [14,15℄, the in-beam -ray spetrosopy in oinidene with the17C beam partiles [20,21℄, and from the 17B �-deay [22℄ areshown (see SM-alulations for these states in set. 4.2).14C(12C,9C)17C (this work)231.3 MeV, �L = 3o � 7oEx �R d�/d
 signif.No. [MeV ℄ [MeV ℄ [nb=sr℄ [�℄1 0.00 � �10( 5) �2 (see lower part)3 0.31(4) � 50(30) 5.04 2.06(5) 0.25(10) 45(25) 3.85 3.10(2) 0.10(5) 300(20) 19.06 4.25(2) 0.14(8) 140(15) 17.07 6.20(3) 0.35(15) 110(15) 12.08 7.47(3) 0.58(10) 293(30) 13.89 8.85(5) 0.66(20) 220(30) 9.710 10.56(3) 0.30(10) 130(15) 12.211 11.71(5) 0.30(15) 72(15) 3.512 12.61(3) 0.45(20) 110(15) 5.513 13.70(5) 0.6(2) 160(20) 4.714 (16.3(1)) 0.5(2) 73(20) 3.2Other reations:(18O,17C) p+17C -  17B �-deay)[14,15℄ [20,21℄ [22℄Ex [keV ℄ E [keV ℄ Ex [MeV ℄1 0.00 � �2 � 210(5) �3 295(20) 330(5) �b1 (2.25(2))b2 2.64(2)b3 3.82(5)
body bakground starts to rise at about 10 MeV exitationenergy and then remains almost at up to the end of theobserved exitation energy range.In the analysis of the full spetrum Breit-Wigner reso-nanes were introdued above Ex= 0.73 MeV (the neutronthreshold). Positions, widths and normalizations were �t-ted together with the normalizations of the three di�e-rent bakground distributions. In total twelve states of17C (state no. 3 - 14 in table 2) were identi�ed. Theirexitation energies, widths, ross setions and statistialsigni�anes are given in table 2 together with the resultsfrom Nolen et al: [14℄ and Fi�eld et al: [15℄, whih werepreviously obtained in the 48Ca(18O,17C)49Tigs reation,from Stanoiu et al: [20℄ and Elekes et al: [21℄, and from the17B �-deay [22℄. We want to note at this plae, that in ourprevious reports [39,40℄ about 17C the values of exitationenergies were still preliminary and therefore slightly di�erin a few ases from the ones given in this �nal analysis.
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Fig. 4. (Color online) Spetrum of the 12C(14N,13N)13C re-ation measured at 216 MeV inident energy. Single-partilestates of 13C with known spetrosopi fators of S = 0.6 - 0.7[34,42{45℄ are marked by the hathed areas. The strong di�er-ene between the ross setions of the 1d5/2 state at 3.85 MeVand the 2s1/2 state at 3.09 MeV is obvious. Indiated assign-ments are taken from [34,43℄.4 DisussionIn this measurement the states of 17C are populated ina diret three-neutron transfer reation on 14C. It is wellknown, that 14C has a rather inert struture in its groundstate. The neutron (1p) shell is losed, only about 8%partile - hole admixtures are found in the 14C(p,d) re-ation [41℄. Therefore it is expeted, that for the lowerlying states of 17C the three neutrons are built into thenext open orbits, �2s1/2 and �1d5/2. The orresponding1/2+ and 5/2+ single-neutron states on the 14C ore areidenti�ed in 15C as the ground state (1/2+) and the �rstexited state at 0.740MeV (5/2+), respetively, with spe-trosopi fators S lose to one in both ases [37℄. The1d3/2 single-partile strength in 15C is loated at higherexitation energy: it is a very broad resonane in 15C at4.78(10) MeV with a width of �=1.74(40) MeV observedonly in the 14C(d,p) reation [38℄, not in 9Be(7Li,p) [35℄and also not in 13C(t,p) [36℄ (we also do not observe it inthe 12C(12C,9C) reation, see �g. 1).In the following disussion about the struture and ten-tative assignments of states we will use the well knowndependenies of ross setions in heavy-ion transfer rea-tions on spin fators, angular momentum transfers andthe strength of the overlap integral between the satter-ing waves in the entrane and exit hannels in a diret3n-transfer. Due to the large negative Q-values, whih weare dealing with in the (12C,9C) reation (�g. 3), the wavenumber of sattering waves in the exit hannel is verymuh dereased. Correspondingly the grazing angular mo-menta Lgr;f are lowered with respet to the value in theentrane hannel, Lgr;i. As a result a strong mismath ofthe inoming and outgoing grazing waves ours in theradial integral, its value and therefore the ross setion isstrongly redued, espeially for low-spin states. However,the mismath is partially ompensated for �nal states with

large spins, sine a large angular momentum transfer `tris allowed in suh ases. This `-transfer helps to bridge thelarge di�erene between Lgr;i and Lgr;f . A high angularmomentum is typially obtained for strethed on�gura-tions (set. 2.2), where the three neutron orbits are ou-pled to the maximum spin. The statistial spin fators ofthe transition amplitude are then also large and the rosssetion is further inreased (see, e.g., [46℄ for more de-tails). The transfer of neutrons into `=0 �nal states leadsto small ross setions, whereas these are muh larger forthe transfer into `=2, j=5/2 orbits.The spetrum of the 12C(14N, 13N)13C one-neutrontransfer reation (�g. 4) illustrates these e�ets. It showsthe single-partile states of 13C in the (sd)-shell as down-ward hathed areas. The tremendous di�erene espeiallybetween the ross setions of the 1/2+ and 5/2+ single-partile states an be explained by the mathing ondi-tions and spin fators, although the spetrosopi fatorsare about the same [34,42℄ for the 1p1/2, 2s1/2, 1d5/2,1d3/2 states, respetively. Therefore we an expet forthe three-neutron transfer, that �nal states with on�gu-rations, where 1 - 2 neutrons were plaed into the 2s1/2shell, are very muh suppressed, but they are strong with2 - 3 neutrons in the 1d5/2 shell.4.1 Comparison between 17C, 16C and 15CAs disussed in the previous setion, reations with largenegative Q-values favour the population of states withstrethed on�gurations and large spins. For example, inthe 12C(12C, 9C)15C reation [27℄ (Q0= �38.79 MeV) weould assign in 15C the doublet at 6.84 MeV, 7.37 MeV as9/2�, 7/2�, respetively. The 9/2� state has the strethedon�guration: [�1n(1p1=2) 
 �2n([1d5=2℄2; 4+)℄9/2�,whereas for the 7/2� state the 1p1/2 neutron is oupledanti-parallel to the 4+ on�guration. The ross setion ofthe 9/2� state is a fator of about ten larger than the onefor the 7/2� state (table 1, olumns 3 and 5).A very similar oupling sheme ours in 16C for the5�=4� doublet at 8.92 MeV=9.42 MeV populated in the13C(12C, 9C)16C reation [27℄, with three neutrons trans-ferred to the 1d5/2 shell. The strethed on�guration isobtained with the following oupling:[�1n(1p1=2) 
 �3n([1d5=2℄3; 9=2+) ℄ 5�, and for the 4�state the 1p1/2 neutron is oupled anti-parallel. In thisase the ratio of the ross setions for the 5�=4� doubletis 3.6 [27℄ (�g. 5, entral panel).The 14C(12C,9C) reation has an even larger negativeQ-value, Q0= -46.930 MeV. Aording to the mathingrules the strongest low-lying peak observed in the 17Cspetrum should be identi�ed with the strethed [(1d5/2)3℄9/2+ on�guration, without ore exitations. There is onlyone andidate: the peak at 3.10 MeV exitation energy.The 9/2+ assignment for this peak is supported by fur-ther arguments as we will see later. In the following thedisussion is ontinued with a systemati omparison ofthe observed levels in 17C, 16C and 15C populated in the(12C,9C) three-neutron transfer reation.
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Fig. 5. (Color online) Spetra of 17C (upper panel), 16C (en-tral panel) [27℄ and 15C (lower panel) obtained in the (12C,9C)three-neutron transfer reations on 14C, 13C and 12C, respe-tively. The spetra of 16C and 15C are shifted in exitationenergy by -5.82 MeV and -6.65 MeV, respetively, relative tothe sale of the 17C spetrum (see sets. 2.2 and 4.5 for lineshapes). The lines onnet the strongest orresponding states(table 3) of the isotopes and indiate the regular behaviour ofthe distanes and strengths.Most striking is the omparison of the spetra of 17Cand 16C as shown in �g. 5, upper and entral panel, whenthe strongest states of 17C and 16C with strethed (sd)3neutron on�gurations, respetively, the 9/2+ state in 17Cat 3.10 MeV and the 5� state in 16C at 8.92 MeV, arealigned to eah other. The spetrum of 16C is shifted for

this omparison by 8.92 - 3.10 = 5.82 MeV. In total ninepairs of states up to the exitation energy of 12 MeV (for17C) are then simultaneously aligned (table 3). This om-parison is limited at the high exitation energy side bythe end of the 16C spetrum. In �g. 5 the orrespondeneis indiated by the vertial lines for the eight strongeststates. The exitation energies of 16C, after subtration ofthe onstant value of 5.82 MeV, are given in table 3, line 4,as Edifx (16C). These values agree well with the exitationenergies of 17C. The maximum di�erene, ÆEdifx (16C) isnot larger than -0.17 MeV/+0.23 MeV for all the pairs inthis large exitation energy range.This regular behaviour is obviously a lue for a om-mon struture of the orresponding states. In fat, the 13Core introdues for all the observed states of 16C, on-sidered here in this omparison, only a ommon shift of5.82 MeV -0.17/+0.23MeV. Then the interpretation, thatthis ommon shift is due to the neutron 1p1/2 hole in the14C ore, is onsistent with this observation. This must beessentially the only di�erene of the struture. The three-neutron on�gurations of the onsidered levels of 17C and16C must be pratially the same pairwise to obtain suha high degree of onsisteny. The 3n-wave funtions mod-ify the ore strutures of 14C and 13C obviously very lit-tle, partile-hole exitations of the ores seem to be weak.This observation on�rms the weak-oupling harater ofthe interation between the ore and the three-neutronon�gurations populated by the diret transfer. This ha-rater may hange, when at higher exitation energies aore exitation of the proton on�guration to a 2+ statein the (1p) shell might our in the orresponding statesof 17C and 16C. As already disussed, we expet smallerross setions for suh seond order proesses, althoughat high exitation energies they probably beome moreimportant.The orrespondene between the states of 17C and 16Continues also for the widths of the resonanes, at least forthe pairs no. 2 - 6, the widths of both members are verysimilar for these �ve pairs (table 3, lines 6 - 7).This similarity of the widths is not simply explained bythe neutron thresholds in both isotopes, Sn = 0.73 MeVfor 17C and Sn = 4.25 MeV for 16C. In the neutron de-ay of resonanes in 16C there is an about 2.3 MeV largerdeay energy available as ompared to 17C. For example,the maximum deay energies for the members of the pairno. 3 are: (3.10 - 0.73) MeV = 2.37 MeV for 17C and(8.92 - 4.25) MeV = 4.67 MeV for 16C, the di�erene be-ing 2.3 MeV. When in both ases the neutron deay wouldlead to the ground state of the daughter nuleus, and assu-ming the same (sd)3 neutron on�guration in both mem-bers, a larger width should be expeted for the 16C reso-nanes due to the larger deay energies as ompared to17C. However, this is not observed. It is neessary to takethe parentage between the neutron on�gurations of the(sd)3 struture of the deaying state and the (sd)2 stru-ture of the �nal state in the daughter nuleus into aount.Sine more information about the struture of the partii-pating states is needed, we postpone a detailed disussionto set. 4.5. For the remaining higher-lying pairs (no. 7 - 9)



10 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopesTable 3. Comparison of exitation energies Ex, widths � and ratios of ross setions of nine exited states of 17C and16C. The exitation energies Ex(16C) given in line 3 are ompared to the ones of 17C (line 2) by alulating the di�eren-es Edifx = Ex - 5.82 MeV and the deviations Æ Edifx = Ex - 5.82 MeV - Ex(17C) from the 17C exitation energies. The widthsfor the states of 17C (line 6) and 16C (line 7) are ompared and the ratios of ross setions are given in line 8. In the lower�ve lines the observed exitation energies of 15C are investigated in a similar way with Edifx = Ex - 6.65 MeV, and the widths� (15C) and ratios of ross setions d�(15C)/d�(16C) are given. The exitation energies of the referene states in 17C, 16C and15C are marked as bold numbers.Corresp. states, No. 1 2 3 4 5 6 7 8 9Ex(17C) [MeV℄ 0.31 2.06 3.10 4.25 6.20 7.47 8.85 10.56 11.71Ex(16C) [MeV℄ 6.11a 7.74 8.92 9.98 11.85 13.12 14.90 16.44 17.4Edifx (16C)=Ex(16C)�5.82 [MeV℄ 0.29 1.92 3.10 4.16 6.03 7.30 9.08 10.62 11.58ÆEdifx (16C)=Edifx (16C)�Ex(17C) [MeV℄ -0.02 -0.14 �0.00 -0.09 -0.17 -0.17 +0.23 +0.06 -0.13� (17C) [MeV℄ � 0.25 0.10 0.14 0.35 0.58 0.66 0.30 0.30� (16C) [MeV℄ <0.03 0.20 �0.10 0.12 0.22 0.40 0.30 0.15 0.20d�(16C)/d�(17C) � 2.9 2.1 2.7 3.2 1.5 0.6 1.3 1.6Ex(15C) [MeV℄ (6.35) 8.45 9.75 11.05 13.1 14.57 16.0 17.8 19.0Edifx (15C)=Ex(15C)�6.65 [MeV℄ (-0.30) 1.80 3.10 4.40 6.45 7.92 9.35 11.15 12.35ÆEdifx (15C)=Edifx (15C)�Ex(17C) [MeV℄ (-0.63) -0.30 �0.00 0.15 +0.25 +0.45 +0.50 +0.59 +0.64� (15C) [MeV℄ � 0.08 0.10 0.10 0.30 0.13 0.30 0.50 (1.0)d�(15C)/d�(16C) � 2.6 1.4 1.6 2.3 1.6 2.3 2.7 �a The 16C state at 6.11 MeV is observed in 14C(t,p) reations [24,26℄.the widths of the 16C resonanes are even always smallerthan for the partner resonanes in 17C by about a fatorof two.A systemati behaviour is also observed in the ratio ofross setions d�(16C)/d�(17C) for the pairs no. 2 - 6 (ta-ble 3, line 8). The �rst four pairs have an almost onstantratio of roughly 2.7 and the next pair of 1.5. Then, athigher exitation energies, the ratio dereases for the nextpair to 0.6, but rises again to 1.6 at the end. The nearlyonstant ratio up to the pair no. 6 is shortly disussed inthe following in a qualitative way. Again this observationmay be understood on the basis of the same struture ofthe members of a pair with one strong [(sd)3℄j� on�gu-ration. The angular momentum dependent fators in thethree-neutron transfer reation are then the same for themembers (exept for the oupling to the ore) and theydrop out in the ratio of the ross setions.The dynamial mathing onditions a�et the rosssetion also in a omparable way. Besides the e�et of theangular momentum mathing [31℄ the dependene on thelinear momentum transfer and total Q-value of the om-pared reations has to be onsidered. The ground stateQ-values are di�erent, -46.93 MeV, -39.48 MeV and -38.79MeV for 17C, 16C and 15C, respetively. However, when Q-values for the orresponding states are ompared, they arealmost equal. For example, for the three states in 17C, 16Cand 15C at 2.06 MeV, 7.74 MeV, 8.45 MeV (no. 2, table 3),the Q-values are -48.99 MeV, -47.22 MeV, -47.25 MeV, re-spetively. This means, that their total binding energy isapproximately equal. Then also the grazing angular mo-menta in the exit hannels, whih are relevant for thedynamial mathing onditions, are approximately equal

for the three members and vary in a systemati way independene on the exitation energy.The orrespondene of states is further extended to15C as indiated in �g. 5 by the (red) lines. Here the statesbetween 8.45 MeV and 19.0 MeV exitation energy areonsidered. At the beginning of the sequene the partnerto the 6.11 MeV state of 16C is not learly identi�ed in15C. It might be the weak state at 6.35 MeV, whih was as-signed (5/2+� 9/2+) [34℄, it is therefore listed in braketsin table 3, line 9. Beyond the highest-lying member of thisgroup at 19.0 MeV, no further state is observed in the 15Cspetrum up to 26 MeV. The exitation energies are om-pared in detail in the lower part of table 3 to those of 17Cby subtrating the onstant value of 6.65 MeV. Here thedi�erenes show a systemati trend from -0.30 MeV at thelowest-lying identi�ed state at 8.45 MeV to +0.64 MeV atthe highest-lying state of 19.0 MeV (table 3, line 11). Theonneting lines between the spetra of 15C and 16C arenot parallel anymore as this was the ase for 16C and 17C.The strongest peak in the 15C-spetrum above the wellknown state at 6.84 MeV, whih has a neutron 2p-1hstruture, is found at 9.75 MeV. It learly orresponds tothe strongest peak in the 16C spetrum (above 5 MeV)at 8.92 MeV and in the 17C spetrum to the state at3.10 MeV, whih both have a strethed [(1d5/2)3℄ 9/2+on�guration. In 16C the additional spin of the �1p1/2hole of the 13C ore ouples to the �nal value J�= 5� inthe strethed on�guration. For the 15C state at 9.75 MeVwe onlude from the orrespondene in exitation energyand strength to the strongest states of 16C and 17C, thatalso this state has a strethed [(1d5/2)3℄ 9/2+ on�gura-tion, and it is assigned tentatively as J�= (9/2+).



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 11Table 4. Comparison of the struture of states of 15C, 16C and 17C observed in the three-neutron stripping reation (12C,9C)on 12C, 13C, and 14C, respetively, at 231 MeV and omparison of experimental with SM-results for 17C and 19O alulated withthe ode Oxbash [47℄. The following entries are shown in the table from left to right: tentative spin-parities J� and experimentalexitation energies Ex of 15C states observed in this work, spin-parities (most are assigned tentatively) and experimentalexitation energies of 16C states, experimental exitation energies and spin-parities for 17C states (tentative assignments, seetext), SM-alulations for 17C, known levels of 19O, whih orrespond by their exitation energies and SM-struture to 17Cstates, and theoretial exitation energies of 19O from Oxbash-alulation. For the SM-alulations of 17C �ve olumns aregiven: J�, exitation energies Ex, and the distribution of neutrons over the three j-levels 1d5/2, 2s1/2, 1d3/2 for eah state (seealso �g. 6). Bold printed exitation energies orrespond to strong states. Exitation energies Ex are given in units of MeV.15C 16C 17C 17C 19Oexp.a exp. [27℄ exp.a al.a exp. [48℄ al.a;fNo. J� E bx J� Ex Ex J� J� Ex 1d 52 2s 12 1d 32 J� Ex Ex0.00 32+; 32+ 0.00 2.3 0.5 0.2 32+ 0.096 0.290.21d ( 12+) 12+ 0.31 1.8 1.0 0.2 12+ 1.47 1.571 ( 52 - 92 )+ 6.35 (3�) 6.11e 0.31a;d 52+ 52+ 0.02 2.3 0.5 0.2 52+ 0.00 0.0052+ 2.06 1.6 1.3 0.1 52+ 4.71 5.2972+ 2.59 1.9 0.9 0.2 72+ 2.78 3.072 ( 32+- 72+) 8.45 (1�-4�) 7.74 2.06 ( 32+, 72+) 32+ 2.79 2.1 0.4 0.5 32+ 3.07 3.423 ( 92+) 9.75 5� 8.92 3.10 92+ 92+ 3.00 2.4 0.3 0.3 92+ 2.37 2.59(4�) 9.424 ( 52+- 92+) 11.05 (3�,5�) 9.98 4.25 ( 52+- 92+) 52+ 4.11 1.7 1.0 0.3 52+ 3.15 3.1792+ 4.78 2.1 0.7 0.2 92 - 132 5.38 5.3272+ 4.97 1.9 0.3 0.8 ( 72+) 6.54(2�,4�) 10.39 32+ 4.32 1.5 0.9 0.6 32+ 4.11 5.0412+ 4.78 1.2 0.7 1.1 ( 12+) 6.4111.8 11.085 ( 52+) 13.1 (3�) 11.85 6.20 ( 52+) 52+ 6.68 2.0 0.2 0.8 ( 52+) 7.1032+ 6.12 1.4 0.6 1.0 32+ 5.54( 52+, 72+) 13.8 (2�-4�) 12.54 52+ 6.30 1.4 0.5 1.172+ 7.44 1.6 0.6 0.832+ 7.14 1.1 1.1 0.86 ( 112 +) 14.57 (6�,5�) 13.12 7.47 ( 112 +) 112 + 6.84 2.0 0.1 0.9 72 - 112 6.47 7.117 16.0 14.90 8.85 92+ 8.61 1.7 0.4 0.992+ 9.27 1.6 0.7 0.772+ 9.39 1.7 0.4 0.98 17.8 16.44 10.56 132 + 10.17 2.8g 0.0 0.29 19.0 17.4 11.7112.6113.70(16.3)a this work b up to 11.8 MeV also from [34℄  [16,19℄ d [14,15,20,21℄ and table 2 e [24,26℄ f see also [49℄ g �(1d 52 )3
�2+To summarize this setion we onlude from the ex-tremely regular behaviour of the level distanes for 17Cand 16C over the energy range of more than 11 MeV, evenwith a omparable population pro�le, that the orrespon-ding states must have very similar three-neutron on�gu-rations oupled to the 14C and 13C ores, respetively.This onlusion an be extended also to the disussed
states of 15C: the tentative spin-parity assignments anbe ontinued for the orresponding observed states from17C and 16C to 15C, one the assignments have been madefor 17C. We will use this argument later for the interpreta-tion of the measured partial angular distributions of 15Cstates, where expliit on�gurations have to be used in theoupled hannel alulations.



12 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes4.2 Shell model alulations for 17C and omparison to19OShell model (SM) alulations had been performed al-ready for the three lowest-lying states of 17C by Warbur-ton and Millener [16℄, whih restrited the spin assignmentfor the ground state "model independent" to the values1/2+, 3/2+. Later Ogawa et al. [19℄ used SM-alulationsto ompare the experimental g-fator of 17C from theirmeasurement to alulated g-fators of di�erent on�gu-rations. In this way they ould restrit the assignment forthe ground state to 3/2+ by exluding 1/2+.We performed in this study shell model alulations for17C up to about 10 MeV exitation energy. The observa-tions disussed in the preeeding setion strongly indiate,that aording to the atual reation onditions essentially(sd)3 strutures are populated on a ore of 14C. This orehas a losed (1p) neutron shell with only small ontribu-tions from ground state orrelations.The latter aspet is very advantageous for theoreti-al investigations of the [(sd)3
 ore℄ strutures popu-lated by the (12C,9C) reation in 17C. The same [(sd)3
ore℄ strutures are also populated in 16C and 15C, wheresuh a lear situation is not expeted due to the hole-on�gurations in the neutron (1p) shell. In this approahwe have also performed SM-alulations for 19O, and wewill ompare the 17C levels to the known levels of 19O,whih should have about the same (sd)3 strutures on aore of 16O with a losed (1p) shell for neutrons and pro-tons.The SM-alulations have been restrited by the fol-lowing onditions:(1) for neutrons only (sd)3j� on�gurations are inluded,(2) ore exitations from the (1p) to the (sd) shell are forneutrons very weak and have been negleted (the neutron(1p) shell is losed),(3) ore exitations for protons are allowed within the (1p)shell: �2+ states oupled from the one- or two-proton ex-itations to the 1p1/2 shell (the lowest state is loated at7.01 MeV in 14C), and �0+ states from two-proton exi-tations. Proton exitations from the (1p) to the (sd) shellhave not been inluded.Odd parity states are not obtained for 17C within theseonditions. Exitations to the (fp) shell are not onsideredhere, beause this would require alulations with a verylarge on�guration spae inluding the three major shells(1p), (2s1d), (1f2p). Suh extended SM-alulations arebeyond the sope of the present paper.The SM-alulations have been performed using theode OXBASH [47℄ with the 'psdpn' model spae andsingle-partile energies and with the 'psdmwkpn' intera-tion [12℄. In the alulations for 17C we heked in a fewtest ases the e�et of (2p-2h) exitations from the neutron1p1/2-shell to the (sd)-shell. We found that suh ontribu-tions were very small, and in the further work the neutron(1p) shell was assumed to be losed.The results of the SM-alulations for 17C are givenin table 4 together with the experimental results, and theorresponding level diagram is shown in �g. 6. The om-plete set of levels alulated aording to the onditions

Table 5. States of 17C with an exited proton on�gurationwithin the (1p) shell obtained in the SM-alulations up to10.2 MeV exitation energy. The �nal spin J� is oupled from�2+
�j�. These states (exept 13/2+) are not listed in table 4and are also not shown in �g. 6. Proton oupanies are givenin the (1p) shell and neutron oupanies in the (sd)-shell.J� Ex �[(1p)2℄2+ �[(sd)3℄j�[MeV℄ 3/2� 1/2� �5/2+ �1/2+ �3/2+1/2+ 7.44 3.01 0.95 2.3 0.4 0.39.92 3.00 1.00 2.4 0.4 0.23/2+ 8.16 3.11 0.86 2.2 0.5 0.39.34 3.08 0.88 1.9 0.8 0.35/2+ 8.50 3.08 0.88 1.7 1.0 0.38.85 3.22 0.74 1.7 0.7 0.69.05 3.00 0.97 2.2 0.5 0.37/2+ 6.10 3.05 0.91 2.0 0.6 0.49.01 3.12 0.85 2.0 0.6 0.49.68 2.91 1.06 2.0 0.8 0.29/2+ 7.56 3.02 0.95 2.3 0.5 0.29.68 3.02 0.95 1.9 0.9 0.211/2+ 9.50 2.93 1.04 2.1 0.7 0.213/2+ 10.17 2.94 1.03 2.8 0.0 0.2(1) - (3) is given up to 9.5 MeV exitation energy in ta-ble 4. In addition the lowest lying 13/2+ state at 10.17MeV has been inluded, whih requires a 2+ exitation ofthe proton on�guration.In table 4 the list of exitation energies obtained fromthe SM-alulations follow the order of experimental ex-itation energies of 17C (as far as available, inluding ourresults), taking already tentative spin assignments into a-ount. Experimental exitation energies for levels of 19Owith known spins and even parity [48℄ are given in theseond last olumn of table 4 and in the last olumn theresult from the SM-alulations. These are ordered aord-ing to the same on�gurations as obtained for 17C. In �g. 6the states of 19O are onneted by lines with those of 17C,when the alulated oupanies in the three neutron sub-shells agree within �0.2 units (with two exeptions: thelowest-lying 5/2+ and 9/2+ states, see below).The neutron on�gurations in 17C with (sd)3 (3p-0h)struture ouple to spins in the range from 1/2 to 11/2 andpositive parity. In the weak oupling piture these on�gu-rations should be found in 19O at low exitation energies,sine 19O has three neutrons outside the losed-shell 16Oore. Warburton [49℄ identi�ed in SM-alulations, withinthe exitation energy range up to about 5.3 MeV for theexperimentally known states of 19O, those states, whihhave an (sd)3 (3p-0h) struture (10 states). These are allreprodued in our alulations for 19O, in agreement alsowith the experimental spin assignments given in [48℄ (seetable 4, the 10 states for 19O below 5.4 MeV).The oupanies of the SM-orbits 1d5/2, 2s1/2, 1d3/2are given in table 4 expliitely for eah state. Exept forthe lowest-lying 5/2+ and 9/2+states, where the ou-pany of the 1d5/2 shell is larger in 19O by 0.4 unitsompared to 17C, and for the 3/2+ states at 4.32 MeVin 17C and 5.04 MeV in 19O, all the entries in table 4 up
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Fig. 6. (Color online) Comparison of experimental level shemes of 17C (this work and [14,15,20{22℄), 19O [48℄, 16C ([27℄ andrefs. therein), 15C (this work and [34℄), and SM-alulations for 17C using the ode Oxbash [47℄ for neutron (sd)3 on�gurations(see also tables 4, 5, 6). The experimental level sheme of 16C is shifted by 5.82 MeV to align the 5� state at 8.92 MeV to the9/2+ state of 17C at 3.10 MeV, and the level sheme of 15C is shifted up by 6.65 MeV for the orresponding alignment of the9.75 MeV state to the same state of 17C. In the level sheme of 19O only states with even parity are shown, and the state at6.47 MeV. Neutron thresholds are indiated on the left of the experimental level shemes.to 9 MeV shown for 17C also have about the same val-ues of oupanies for 19O, with di�erenes only up to 0.2neutrons in any of the three shells. Therefore these ou-panies are not repeated for 19O in table 4. At even higherexitation energies the agreement of oupanies is not asperfet, but the parentage of on�gurations in both nuleian still be reognized.In the three-neutron transfer reation the ross se-tions for populating �(sd)3 on�gurations in ombinationwith one-proton ore exitations to �2+ on�gurations areexpeted to be strongly redued due to the higher-orderproess. Therefore the states with suh on�gurations arelisted separately in table 5. One an see, that these statesappear only above 7.3 MeV (one exeption: a 7/2+ stateat 6.10 MeV). In general, the inlusion of on�gurationmixing in the proton (1p) shell to the amount of typially30-50% was important for all states to improve the agree-ment between experimental and alulated level energies(see ondition (3)).

We want to disuss now details of the results from theshell model alulations. The alulated sequene of the3/2+1 state as the ground state of 17C and then the 5/2+1state reprodues the experimental order of these states(�g. 6). The reversed order in 19O obtained in [49℄ is alsoin agreement with the experimental data [48℄.The 1/2+1 state in 19O alulated at an exitation energyof 1.57 MeV (experimental value: 1.47 MeV [48℄) is shifteddown by about 1.2 MeV in 17C and appears at 0.31 MeVin the alulation, but experimentally it has not yet beenlearly identi�ed. The data obtained reently in the in-beam -spetrosopy of 17C [20,21℄ show besides a strongline at 0.330(5) MeV, whih orresponds to the exitationenergy of the 5/2+1 state, a weak -line at 0.210(5) MeV,whih results most probably from the -deay of the 1/2+1state to the ground state.The exitation energy of the 5/2+1 state found in thelatter measurements is loated at slightly higher energy(0.330(5) MeV) as ompared to the value observed by



14 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopesNolen et al. at 0.292(20) MeV [14℄, and Fi�eld et al. [15℄ at0.295(10) MeV. We observe this state at 0.31(4) MeV andwill ontinue to use this value for the 5/2+1 state. Fromour measurement a tentative (1/2+) assignment for thisstate an be exluded by the argument, that the reationmehanism would suppress a state with suh a low spinand strong 2s1/2 omponent (table 4).The next higher-lying state obtained in the SM al-ulations, whih is loated at an exitation energy of 2.06MeV, has the strongest oupany of the 2s1/2 shell (67%)of all states of the present alulations. An extremely smallross setion an be expeted for this on�guration, andwe assume, that this state is not observed in the (12C,9C)reation on 14C. The state no. 2 in table 4 observed at 2.06MeV should therefore not be identi�ed with this SM-state.The alulated states of 17C between 2.5 MeV and5.0MeV have relatively strong two-neutron (1d5/2)2 terms,exept the 3/2+ state at 4.32 MeV and the 1/2+ state at4.78 MeV. At higher exitation energies up to about 10MeV this strong 1d5/2 oupany dereases on the av-erage. In the region above 4.7 MeV the 1d3/2 shell hasan inreased oupany of about one neutron in this shellfor most of the states. The 1d3/2 single-partile strengthis well known from 15C as a broad 3/2+ resonane at4.78 MeV [38℄. In 17C the main strength is obviously lo-ated at slightly higher exitation energies.The oupanies of the 2s1/2 shell are distributed overthe full range of alulated exitation energies, with utu-ations between 0.1 and 1.1 units. The maximum is reahedfor the pair of 5/2+ states in 17C and 19O at 2.06 MeVand 5.29 MeV, respetively, with 1.3 neutrons in the 2s1/2shell, whih is equivalent to a very strong [(2s1/2)20+
(1d5/2)℄5=2+ omponent in the wave funtion. The statein 19O may be identi�ed with one of the lose-lying ob-served 5/2+ states at 4.71 MeV and 5.15 MeV [48℄. These5/2+ states have in 17C and 19O idential oupanies inall three shells, but the exitation energy alulated for17C is muh lower. It seems to be a general feature, thatthe exitation energies of states with strong 2s1/2 on�-gurations are shifted down in energy going from 19O to17C. This is true for example for the pair of the �rst 1/2+states in 19O and 17C and for most of the pairs of states,whih show this behaviour in the alulated diagrams in�g. 6.It is interesting to understand from the SM-alulationsmore details about the struture of low-lying states of17C, i.e., about on�guration mixing. In table 6 the de-tailed struture of the lowest-lying state for eah spin-parity from 1/2+ to 11/2+ is given. The oupanies of theneutron 1d5/2, 2s1/2, 1d3/2 shells are shown expliitelyfor the main three-neutron oupling terms in ombinationwith the proton on�gurations. The latter are denoted by�4, �3, �2 haraterizing the number of 1p3/2 protons inthe wave funtion. For all states in table 6 the �4 on�-guration is by far the strongest with about 70% ontri-bution, whereas the 2+ exitation (�3) varies only from9.4% to 14.2% and the ontribution from the two-protonexitations to the 1p1/2 shell (�2) is always smaller than

Table 6. Shell model on�gurations for the lowest lyingstates of 17C with spins and even parity J� obtained in SM-alulations using the ode Oxbash [47℄. The three-neutronon�gurations are spei�ed in olumn 5 by the perentage ofthe di�erent terms ontributing to the on�gurations of thestate with oupation numbers in the three shells 1d5/2 (o-lumn 6), 2s1/2 (olumn 7) and 1d3/2 (olumn 8). In olumn3 the proton part of these terms are denoted by �4, �3, �2for the on�gurations �(1p3/2)40+ , �[(1p3/2)3(1p1/2)1℄2+ and�[(1p3/2)2(1p1/2)2℄0+ , respetively, and their perentage isgiven in olumn 4 as the sum of the orresponding neutronon�gurations in olumn 5.J� Ealx protons neutrons, oupany[MeV℄ [%℄ [%℄ 1d5/2 2s1/2 1d3/212+1 0.312 �4 72.1 65.0 2 15.4 1 21.7 1 1 1�3 12.3 9.9 2 12.4 3�2 10.3 10.3 2 132+1 0.000 �4 70.4 32.2 330.7 2 12.0 2 15.5 1 1 1�3 9.6 5.6 34.0 2 1�2 10.4 5.8 34.6 2 152+1 0.020 �4 74.2 47.2 318.8 1 25.0 1 23.2 2 1�3 9.4 5.3 31.9 2 12.2 2 1�2 10.1 8.0 32.1 1 272+1 2.588 �4 76.9 65.2 2 17.4 1 1 13.1 2 11.2 1 2�3 10.1 2.8 31.5 1 2�2 8.2 8.2 2 192+1 2.995 �4 72.6 39.0 315.7 2 110.0 1 1 17.9 2 1�3 13.0 6.1 32.3 2 12.1 1 1 12.5 2 1�2 11.4 6.2 32.2 2 11.5 1 1 11.5 2 1112 +1 6.840 �4 67.6 67.6 2 1�3 14.2 9.1 2 12.7 2 12.4 1 1 1�2 9.4 9.4 2 1



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 1511.5%. But with inreasing exitation energies also theperentage of ore exitations inreases.A single dominant on�guration of neutrons is obtainedin the ases of the lowest-lying states of spins 1/2+, 7/2+and 11/2+ (table 6). These three states have a relativelysimple struture, where the main term has a strengthof 65%: no proton ore exitation (�4), two neutrons inthe 1d5/2 shell oupled to 0+, 4+ and 4+, respetively,and the third neutron in the 2s1/2 shell for the two for-mer states and in the 1d3/2 shell in the latter ase toouple to the �nal spins 1/2+, 7/2+ and 11/2+, respe-tively. The on�gurations are: [(1d5/2)20+
(2s1/2)℄1=2+,[(1d5/2)24+
(2s1/2)℄7=2+, [(1d5/2)24+
(1d3/2)℄11=2+.As pointed out already, the spin 11/2 an be reahedwith three neutrons in the (sd)-shell only by this oupling,other on�gurations without proton ore exitations donot exist in that ase. For the seond 11/2+ state it turnsout, that the ore exited [�2+ 
 �9/2+℄11=2+ on�gura-tion has a strength of almost 90%. Suh a strong ore exi-tation shifts the exitation energy higher up to 9.50 MeV(table 5).For the lowest 5/2+ and 9/2+ states a lear domi-nane of the (1d5/2)3 on�guration is found (table 6),in the former ase with a [(1d5/2)20+
 (1d5/2)℄5=2+ on�-guration (47%) and in the latter ase with the strethed(1d5/2)39=2+ on�guration (39%). The next largest termsinlude the 2s1/2 shell: the [(2s1/2)20+
(1d5/2)℄5=2+ on-�guration with 18.8% for the 5/2+ state, and for the 9/2+state with two terms, 15.7% for [(1d5/2)24+
 (2s1/2)℄9=2+and 10% for [(1d5/2
1d3/2)4+
 (2s1/2)℄9=2+. At higherexitation energies terms with the 1d3/2 shell beomestronger.Most interesting is the detailed struture of the 17Cground state as a result of the SM-alulation. As one ansee from table 6, the 3/2+1 state reeives only very smallontributions from the 1d3/2 shell, about 7.5%. The mainomponents are oupled from the 1d5/2 and 2s1/2 shellswith about equal strengths: 32% for the (1d5/2)33=2+ om-ponent, and 31% for the equivalent ouplings [(1d5/2)22+
 (2s1/2) ℄3=2+ and [(1d5/2
2s1/2)2+ 
 (1d5/2) ℄3=2+ .This result has been obtained already in [6℄. In theseterms two of the three neutrons have to be oupled to2+, whih implies a strong quadrupole deformation (inthe (1d5/2)33=2+ term also the oupling of two neutronsto 4+ is possible). In 16C the orresponding 2+ stateswith these on�gurations are identi�ed at 1.77 MeV and3.98 MeV, and the 4+ state at 4.14 MeV [25℄. The nextterms with proton ore exitations (table 6) add about10% more strength to both neutron on�gurations. TheseSM-results for the 17C ground state are in very good agree-ment with the experimental results obtained from one-neutron-removal reations measured in oinidene with-transitions in 16C by Maddalena et al. [6℄ and DattaPramanik et al. [7℄.Finally we want to disuss shortly �(4p-1h) struturesof odd parity in 17C and orresponding �(2p-1h) stru-tures in 15C. The former ould be populated in the 14C(12C,9C)17C reation only by a seond-order proess via the

�(1p-1h) ore exitations of 14C, whereas the latter arediretly aessible in the 3n-transfer on 12C. However, thelowest-lying odd-parity states in 15C with this struture,whih are loated at 3.103 MeV (1/2�), 4.22 MeV (5/2�)and 4.66 MeV (3/2�), are extremely weakly populated(�g. 1, lower and upper panels). Then the strutures in17C must be populated even with smaller strength due tothe required higher-order proess of the ore exitation.We performed SM-alulations for states of 17C withodd parity and obtained exitation energies and spins forthe three lowest-lying states of 2.47 MeV, 1/2�; 3.77 MeV,5/2�; and 4.52 MeV, 3/2�. These states have indeed a�(4p-1h) struture with a hole in the 1p1/2 neutron shell,and they orrespond most probably to the three statesobserved in the �-deay of 17B [22℄ (see set. 1 and table 2,lower part). Therefore we suggest the following tentativeassignments for the observed states [22℄:(2.25 MeV), (1/2�); 2.64 MeV, (5/2�); 3.82 MeV, (3/2�).4.3 Disussion of assignments for 17C (and 16C)In this setion we want to summarize the tentative assign-ments for the resonanes observed in the 17C spetrumusing arguments from:(i) the sensitivity of ross setions on dynamial mathingonditions for spei� on�gurations in ombination withresults from SM-alulations;(ii) the systemati agreement of exitation energies be-tween the observed states of 17C, 16C and 15C (exept aonstant shift) and of further properties of these states;(iii) the information from the omparison of 19O and 17Ctaking experimental data and SM-alulations into a-ount.Sine we observe a strong orrelation between the statesof 17C and 16C in several respets, we will inlude alsothe orresponding 16C states in the disussion for theassignments. In priniple, for every state of 17C with a(sd)3 (3p-0h) on�guration there exists in 16C a doubletof states with a (3p-1h) on�guration, where the neutron1p1/2-hole in the 13C ore ouples with parallel and anti-parallel orientation to the spin of the (sd)3 on�guration.The parallel spin oupling to Jmax is muh more favouredby the dynamial mathing onditions ompared to theanti-parallel oupling. Therefore only the state and as-signment with parallel oupling is disussed (see detailsalso in [27℄).0.00 MeV, 3/2+, (not observed in this reation)The struture of the ground state of 17C has been dis-ussed already in the previous subsetion and in onne-tion with table 6. Only a small ross setion is expeteddue to the anti-parallel oupling between the 16C(2+) oreand the 2s1/2 or 1d5/2 neutron. A peak ould not be iden-ti�ed in the spetrum.0.21 MeV, (1/2+), (not observed in this reation)In the in-beam -spetrosopy of 17C two -lines werefound [20,21℄: a weak line at 0.210(5) MeV and a strongline at 0.330(5) MeV. The latter is identi�ed as the strong



16 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopesstate at 0.292(10) MeV in refs. [14,15℄ and at 0.31(4) MeVin our data. In the region of partile-stable states threestates are expeted from SM-alulations, their spins andparities are 1/2+, 3/2+, 5/2+. Sine the latter two assign-ments are given to the 17C ground state and the 0.31 MeVstate, respetively, only this state at 0.21 MeV remains forthe tentative 1/2+ assignment. In the (12C,9C) reation avery small ross setion is expeted for a 1/2+ state and, infat, it is not observed. A orresponding weak peak wouldbe hidden in any ase in the tail of the stronger peak ofthe 5/2+ state at 0.31 MeV.0.31 MeV, 5/2+This state is the third partile-stable state of 17C (be-sides the ground state and the 0.21 MeV state), all otherstates at higher exitation energies are lying above theneutron threshold (Sn= 0.73 MeV) and are therefore un-bound. The strength of the peak in our spetrum indi-ates a strong population of 1d5/2 orbits by the trans-ferred neutrons. However, the 0.31 MeV state is not thestrongest state in the spetrum (this would have been asignature for a strethed (1d5/2)39=2+ on�guration in thisreation). Therefore we expet a oupling to a lower spin,5/2+. Other reations [14,15℄, where 17C is deteted asoutgoing partile and therefore only bound states an beobserved, also �nd a strong state at about the same exi-tation energy (table 2). The shell model predits (besidesthe 3/2+ ground state and a 1/2+ state at 0.31 MeV) thelowest-lying 5/2+ state at 0.02 MeV, whih has a domi-nant (1d5/2)35=2+ on�guration. The orresponding 5/2+state in 19O is the ground state. These arguments supportthe 5/2+ assignment of this state.The orresponding partner state in 16C (table 3) ismost probably the state at 6.11 MeV observed by Fortuneet al. [24℄ and Serely et al. [26℄ with tentative assignmentsof (2+, 3�, 4+). From our results we would restrit this to(3�), with an aligned oupling of the orresponding 5/2+state of 17C and the 1/2� spin of the 13Cg:s: ore.2.06 MeV, (3/2+,7/2+)Using the results of the SM-alulations as a guideline at low exitation energies there are only two possi-ble assignments for this state. These are the 7/2+ and3/2+ SM-states at 2.59 MeV and 2.79 MeV, respetively.A further 5/2+ SM-state at 2.06 MeV is expeted to be"invisible" in our reation due to its very large (2s1/2)2omponent in the wave funtion. The orresponding statein 19O with the same alulated (sd)3 struture is loatedat muh higher exitation energy (experiment: 4.71 MeV,alulation: 5.29 MeV), whereas the 7/2+ and 3/2+ statesare loated in 19O at 2.78MeV and 3.07MeV, respetively.A tentative assignment of (3/2+, 7/2+) is therefore givento this state.In 16C the orresponding partner state is found ex-perimentally at 7.74 MeV (tables 3, 4, and ref. [27℄). Theoupling of the (3/2+, 7/2+) on�gurations disussed for17C to the 1/2� ground state of 13C allows a range of pos-sible spin assignments from 1� to 4�. In ref. [27℄ oupled-hannel alulations have been performed for partial an-

gular distributions assuming assignments of 1�, 2� and3�, and a preferene for 3� was dedued. We inlude also4� for a tentative assignment of this state, based on theparallel oupling of the 7/2+ on�guration to the 1/2�13Cg:s: ore.3.10 MeV, 9/2+The 9/2+ assignment of this state is based on severalarguments. First of all the peak has the largest ross se-tion in the spetrum, whih indiates learly a strethedthree-neutron (1d5/2)3 on�guration. We reall that forthe same reason the 8.92 MeV state in 16C had been as-signed as 5� [27℄. Seond, the SM-alulations predit thelowest 9/2+ state in 17C at 3.00 MeV, almost at the ex-perimental value. Third, in 19O the theoretial and ex-perimental values of the lowest 9/2+ state are found at2.59 MeV and 2.37 MeV, respetively, whih is also invery good agreement.4.25 MeV, (5/2+, 7/2+, 9/2+)This narrow and well separated state is diÆult to as-sign only from arguments dedued from the SM-alula-tions. Three SM-states with the spins and even parity5/2+ (4.11 MeV), 7/2+ (4.97 MeV), 9/2+ (4.78 MeV) anbe taken into aount, with a preferene for the higher spinstates with strong (1d) shell oupanies. In 19O stateswith orresponding struture are observed at 3.15 MeVfor the 5/2+ and at 5.38 MeV for the 9/2+ states. Thelatter state is assigned (9/2 - 13/2) in the literature [48℄.The orresponding state in 16C at 9.98 MeV reeivesin this ase the tentative assignments (3�, 5�), and the10.39 MeV state, whih is the anti-parallel oupling part-ner in 16C, the values (2�, 4�).6.20 MeV, (5/2+)There is a gap of almost 2 MeV between this state andthe losest lower-lying state, whih seems to be relatedto a hange in the struture. In fat, the SM-alulationsshow now a muh stronger oupany of the 1d3/2 shellwith about one neutron on the average (table 4). This istrue for a number of states in this region up to the spin11/2. Aording to the smaller observed ross setion wesuggest an assignment of (5/2+). From the two 5/2+ statesin the region around 6.20 MeV the state at 6.68 MeVis the best andidate, beause it has oupanies of twoneutrons are in the 1d5/2 shell and almost one neutron inthe 1d3/2 shell, whereas the SM 5/2+ state at 6.68 MeVhas muh less strength in the 1d5/2 shell. The state in 19Owith approximately the same SM-on�guration is found at7.10 MeV (�g. 6).The ross setions of the orresponding doublet in 16Cat 11.85 MeV and 12.54 MeV di�er by a fator of three[27℄, whih emphasizes again the importane of the orrethoie for the on�gurations of these states. The 11.85MeVstate is therefore tentatively assigned as (3�) with theparallel spin oupling (5/2+
1/2�), and the 12.54 MeVstate as (2�), beause it may be the oupling member ofthe latter on�guration with anti-parallel spin orientation.



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 177.47 MeV, (11/2+)This strong resonane has the seond largest ross se-tion (table 2) observed in the 17C spetrum (�g. 5), itmust have a strethed on�guration with high spin. It isalso situated within the region of states, where the SM-alulations predit a strong ontribution of the 1d3/2shell. The (1d5/2)24+
 (1d3/2)1 on�guration allows fora maximum spin of 11/2+. In the SM-alulations thelowest-lying 11/2+ state is predited at 6.84 MeV (ta-ble 4), not far from the experimental exitation energy.All these arguments favour a tentative assignment of thisstate as (11/2+). In 19O the �rst 11/2+ state is found inthe present SM-alulations at 7.11 MeV, and the (7/2 -11/2) assignment of a state at 6.47 MeV observed in the13C(7Li,p)19O reation [50℄ is in agreement with this. In16C the oupling of the 1/2� ore to the strethed 11/2+on�guration results in tentative assignments (6�, 5�) forthe orresponding state at 13.12 MeV.8.85 MeVFor the assignment of this state only arguments de-dued from ross setions and from the omparison of ex-perimental exitation energies to the results of the SM-alulations an be used. We assume that at these higherexitation energies only states with higher spins an be ob-served in this reation. The SM-alulations predit two9/2+ states nearby at 8.61 MeV and 9.27 MeV, there-fore this spin-parity is suggested as the most probable as-signment. The orresponding state of 16C is observed at14.90 MeV (table 3).10.56 MeVNo expliit assignment is given for this state in ta-ble 4. The best andidate from the SM-alulations is a13/2+ high-spin state at a alulated exitation energy of10.17 MeV (table 5), whih is oupled from a strethedneutron (sd)3, 9/2+, on�guration and a proton 2+ ore-exitation. In a weak-oupling model an exitation energyof Ex= 3.10 + 7.01 MeV = 10.11 MeV would be expetedusing the lowest-lying states, �9/2+ of 17C, and �2+ of14C, oupled to 13/2+. The relatively strong populationof this state would be in agreement with the assignmentof the high-spin value.11.71 MeV and higherAssignments for this state and higher-lying states arenot given in table 4, beause the identi�ation of theirstruture is diÆult due to the larger variety of possibleontributing on�gurations at these high exitation ener-gies. Nevertheless, we still �nd for this state the orres-ponding partner states in 16C at 17.4 MeV and in 15C at19.0 MeV, whih follow the same regular behaviour of ex-itation energies as disussed in onnetion with table 3.A ommon struture of (sd)3 on�gurations is assumed forall these states.For the 17C states at 12.61 MeV, 13.70 MeV and 16.3MeV no orresponding partner states of 16C ould be ob-served due to the limited exitation energy range, whihwas measured only up to 18 MeV. For 15C the experimen-

tal spetrum extends up to 26 MeV, but no further stateis found above 19 MeV.4.4 15C assignments and angular distributionsFor 15C the assignment of states observed in the 12C(12C,9C) reation was disussed so far only with a few remarks.However, from the onsistent interpretation of the stru-ture of states for 17C and 16C and from the observation,that approximately the same regular behaviour ours forthe 15C states listed in table 3, it is onluded, that thesestates also have a partile-hole struture with three neu-trons in the (sd)-shell, very similar to the orrespondingstates in 17C and 16C. In this ase the ore has two holesin the neutron (1p) shell orresponding to the 0+ groundstate of 12C. The assignments proposed for 17C shouldtherefore also apply to the 15C states with the orrespon-ding struture (table 3), they are given in table 4.Further support for the assignments of 15C states anbe dedued from the analysis of angular distributions ob-tained in the previous measurement of the 12C(12C,9C)15Creation (lower panel of �g. 1). The partial angular distri-butions obtained for seven exited states of 15C are shownin �g. 2 together with oupled hannel alulations per-formed with the ode Freso [33℄ aording to the ou-pling sheme of �g. 7. Here we used, exept for the �rsttwo states at 6.84 MeV and 7.37 MeV, whih have a (2p-1h) struture and odd parity [27℄, the (sd)3 on�gurationswith the main omponents and assignments as disussedfor the orresponding states of 17C. In this way the on-sisteny of the tentative J�assignments given in table 4 isheked.The three-neutron transfer is treated in these alu-lations as a two-step proess with a one-neutron transferto 13C states in the �rst step and a two-neutron transferto �nal states of 15C in the seond step and vie versa,with the two-neutron transfer to states of 14C in the �rststep and the one-neutron transfer in the seond step. Inthis way always two transition amplitudes are obtained foreah �nal on�guration. The transition amplitudes of bothtransfer branhes are added oherently for the alulationof the ross setion.The optial potential, whih is de�ned asU = V0 fr(R) + i W0 fi(R); (4)is alulated using Woods-Saxon form fatorsfr;i(R) = [1 + expf(R � Rr;i)=ar;ig℄�1: (5)The potential parameters are taken from ref. [51℄ (para-meter set WS2, 12C-beam).Only main on�gurations were inluded for the in-termediate states: the single-partile states of 13C (ex-itation energies in brakets): 1p1/2 (0.00 MeV), 2s1/2(3.09 MeV), 1d5/2 (3.85 MeV), 1d3/2 (8.20 MeV), andthe 14C states: 0+2 (6.59 MeV), 2+2 (8.32 MeV), 4+1 (10.74MeV), 3�1 (6.73 MeV). These are given in the lower partof table 7 as parts of the full on�gurations.
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Fig. 7. Two-step oupling sheme for the target transitionsin the 12C(12C,9C)15C reation used in the oupled-hannelalulations. The transitions through the orresponding inter-mediate states of 13C and 14C are shown.Expeted values of strength fators SF, whih repre-sent the produt of the spetrosopi fators in the pro-jetile and target systems, are of the order of one and anbe estimated as follows (values were partly taken from Co-hen and Kurath [52℄ and partly from previous work [27℄).Projetile transitions:C2Sf12Cg:s: = 11Cg:s: 
 �1n(1p3/2)g = 5.7C2Sf11Cg:s: = 10Cg:s: 
 �1n(1p3/2)g = 0.7C2Sf10Cg:s: = 9Cg:s: 
 �1n(1p3/2)g � 1.0Target transitions via the 13C, 5/2+1 , single-partile state:C2Sf13C5=2+= 12Cg:s: 
 �1n(1d5/2)g = 0.7C2Sf15CJ+= 13C5=2+ 
 �2n;j [(sd)2j , j=0,2,4℄ g � 0.2�1.0For the other single-partile states of 13C the spetrosopifators are of similar strength as for the 5/2+1 state [34℄.Target transitions via 14C states:The same fators are used for the transition amplitudesof the 2n-stripping via 14C states in the �rst step and the1n-stripping in the seond step, and the oherent sum ofboth transition amplitudes is alulated.Values for a single transfer branh result in the rangeSFs:t:b: � 0.6�2.8.When the two transition amplitudes have about equalstrength to a �nal state of 15C via 13C and via 14C, a fatorup to four an be gained for the �nal ross setion in aseof a onstrutive interferene. In this ase the strengthfator SF, whih is needed for the �t of the experimental

Table 7. Exited states of 15C, for whih partial angular distri-butions (�g. 2) have been analyzed in terms of oupled hannelalulations. The following entries are given from left to right:exitation energies, spin-parities, ouplings and strength fa-tors SF (see text), exitation energies of orresponding statesof 17C and tentative assignments to these states from this work.15C 17CEx J� oupling SF Ex J�[MeV℄ �1n
�2n [MeV℄6.84 92� 1p1/2 
 4+1 0.1 �1d5/2 
 3�1 (9.0) �7.37 72� 1p1/2 
 4+1 0.8 �8.45 ( 32+) 1d3/2 
 0+2 3.5 2.06 ( 32+)( 72+) 2s1/2 
 4+1 0.5 ( 72+)9.75 ( 92+) 1d5/2 
 4+1 1.7 3.10 ( 92+)11.05 ( 92+) 2s1/2 
 4+1 0.9 4.25 ( 92+)( 52+) 1d5/2 
 0+2 (9.0) ( 52+)13.10 ( 52+) 1d3/2 
 4+1 (44) 6.20 ( 52+)14.57 ( 112 +) 1d3/2 
 4+1 0.35 7.47 ( 112 +)ross setion, is redued by this fator (up to four) withrespet to the estimate for a single transfer branh.This is the ase for example for the ross setion ofthe 9/2� state of 15C at 6.84 MeV (upper part of table 7),whih is desribed by the oupling 1p1/2
 4+1 for the �rstand seond transfer step in the �rst transition branh inthis order (upper part of �g. 7), and vie versa for theseond transition branh (lower part of �g. 7). In fat,the ross setion is redued by a fator between three andfour, when the �rst or the seond branh is swithed o� inthe alulation. The interferene e�et therefore explainsthe relatively small strength fator of SF= 0.1.We tested also a further possible ontribution for thetransitions to this state, in the �rst branh by a 1d5/2
 3�1oupling and in reverse order for the seond branh. How-ever, the resulting ross setions are a fator of ninetysmaller ompared to the ones for the 1p1/2 
 4+1 ou-pling and an be negleted in the alulation.The 7/2� oupling partner of the (9/2�, 7/2�) dou-blet at 7.37 MeV with anti-parallel oupling of the 1/2�neutron hole to the 4+ two-neutron on�guration has anabout a fator of ten lower experimental ross setion,whih is also observed in the alulation (with an addi-tional redution fator of eight). This shows that the rosssetions are rather sensitive to on�gurations and interfer-ene e�ets.In the lower part of table 7 results are given for the�ve states of 15C at 8.45 MeV, 9.75 MeV, 11.05 MeV,13.1 MeV, 14.57 MeV, whih are onsidered to have ap-proximately the same three-neutron on�gurations as theorresponding states of 17C at 2.06 MeV, 3.10 MeV, 4.25MeV, 6.20 MeV, 7.47 MeV (table 3).For the 8.45 MeV state two options for the assignmentwere dedued from the orrespondene to 19O states andfrom the SM alulations (table 4), namely 3/2+ with adominant on�guration [(1d3/2) 
 (1d5/2)20+ ℄3=2+ , and7/2+ with a on�guration [(2s1/2) 
 (1d5/2)24+ ℄7=2+ . Inthe oupled hannel alulations only these main ompo-



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 19nents were taken into aount using the ouplings 2s1/2
 4+1 and 1d3/2 
 0+2 , respetively.The orresponding alulated angular distributions ofthe 8.45 MeV state are shown in �g. 2 as dashed and solidlines, respetively. The data indiate a minimum in theangular distribution at about 11o, whih is reproduedby the angular distribution for the 3/2+ on�guration.The normalization fator SF = 3.5 is also still aeptable.But the error bars of the data points are rather large anddo not exlude ompletely a (7/2+) assignment, althoughthis angular distribution has only a smoothly deayingshape. Therefore we keep both options, (3/2+) and (7/2+)for the assignment. Garrett et al. [35℄ suggested in the9Be(7Li,p) reation at 20 MeV inident energy for thisstate (at Ex=8.495 MeV in ref. [35℄) a range of spin valuesfrom (9/2) to (13/2) from ross setion systematis. Fromour analysis we would not assign a higher spin value than7/2+.A similar situation is met for the interpretation ofthe angular distribution of the 15C state at 11.05 MeV,where the assignments 9/2+ and 5/2+ were suggested inthe disussion above. The spin-parity 9/2+ is obtainedfrom the strethed [(2s1/2) 
 (1d5/2)24+ ℄9=2+ on�gura-tion, whereas a [(1d5/2) 
 0+2 ℄5=2+ oupling is assumed forthe 5/2+ assignment. We dedue from the strength fatorsa preferene for 9/2+, beause the orresponding fator ofSF=0.9 agrees well with the preditions, while the fatorfor the 5/2+ on�guration is rather large (SF=9). An evenmuh larger value (SF=44) is obtained for the strengthfator of the next state at 13.10 MeV, whih is assignedtentatively as 5/2+ with a [(1d3/2) 
 (1d5/2)24+℄5=2+ on-�guration (ompare table 4). The large disrepany maybe related to the anti-parallel oupling of the disussedon�guration. We have seen already for the 7/2� state at7.37 MeV a strong redution of the alulated ross setiondue to this e�et.The angular distributions of the states with strethedon�gurations [(1d5/2) 
 (1d5/2)24+ ℄9=2+ at 9.75MeV and[(1d3/2) 
 (1d5/2)24+℄11=2+ at 14.57 MeV are well repro-dued by the alulations (�g. 2). Also the strength fatorsSF=1.7 and SF=0.35, respetively, are in good agreementwith the expetations. The state at 9.75 MeV was assignedby Garrett et al. [35℄ as (9/2 - 13/2). From our analysiswe obtain (9/2+) as the most probable assignment.4.5 Deay properties and widthsThe strutures, whih are populated in 17C by the (12C,9C)reation, have been haraterized as neutron (3p-0h) on-�gurations. In 16C the (12C,9C) reation populates theorresponding (3p-1h) on�gurations and in 15C (3p-2h)on�gurations, respetively.The (3p-0h) resonanes of 17C deay by one-neutronemission to (2p-0h) states of 16C. These are well knownfrom (t,p) reations [24{26℄. The same applies to the neu-tron deay of the (3p-1h) resonanes in 16C to (2p-1h)states of 15C, whih are also known from (t,p) reations[36℄. And it is lear, that the neutron-deay of (3p-2h)

states of 15C leads to states of 14C with (2p-2h) hara-ter, whih are disussed in refs. [25,32℄. The regularitiesobserved for the widths, as demonstrated in table 3, arerelated to the parentage of the strutures between the pa-rent and daughter states of the deay.The orresponding neutron deays are shown in �g. 8.Here the level sheme of 16C is shifted up to align theground state of 16C with the one-neutron threshold of 17Cat 0.73 MeV. In this way it is easy to see, how the exi-tation energies Ex;f and spin-parities J�f of the 16C states�t to possible deay branhes, whih are relevant for theregularities. In the deay from a given parent state (Ex;i,J�i ) the neutron is emitted with the quantum numbers ofits shell-model orbit j�. Sine this ondition restrits thevetor di�erene jJ�i - J�f j = jj� j to 1/2+, 3/2+, 5/2+ de-pending on its shell-model state 2s1/2, 1d3/2, or 1d5/2,respetively, only distint daughter states (Ex;f , J�f ) will�t. The transitions are spei�ed in table 8, where the ini-tial and �nal exitation energies and spin-parities, respe-tively, and the deay energies at resonane (the resonaneenergies), ER and E�R, are given. The former is de�ned bythe deay to the ground state of the daughter nuleus andthe latter byE�R(J�i ; J�f ) = Ex;i(J�i )� Sn �Ex;f (J�f ): (6)The deay is restrited in addition by the onditions, thatthe spin-oupling fator (` s j j)(Ji j j Jf ), whih ontainsthe deay angular momenta ` and j, is non-zero and, thatthe parity is onserved. The deay energy as a free vari-able, Ede= Ex - Sn, used formerly in the eqs. (1)-(3) forthe Breit-Wigner resonanes has to be replaed byE�de(J�i ; J�f ) = Ex � Sn �Ex;f (J�f ) (7)in this more general formulation. The daughter nuleusin the exited state Ex;f (J�f ) is onsidered as the ore forthe neutron deay, the deay energy is orrespondinglyredued.The resonane energies ER or E�R for the neutron deayto the ground state or to an exited state of the daughternuleus, respetively, an be ompared in olumns 4 and 8of table 8. The di�erenes are rather large in many ases.The e�et on the line shape is shown in �g. 5, where theBreit-Wigner resonanes are alulated using E�R, whereasER is used in �gs. 1 and 3.For low deay energies E�R , espeially for the 16C re-sonanes no. 2 and 3, the tails of the resonanes at thehigh exitation energy side are more extended due to thedi�erent energy dependenes of the penetrabilities. How-ever, the resonane positions agree within 10 keV withthose obtained in the �rst analysis (�gs. 1 and 3), and thewidths are the same.In some ases deay branhes to two di�erent �nalstates are given in table 8 (see also �g. 8). These are thestates at 6.20 MeV for 17C, 9.98 MeV and 12.54 MeV for16C, and 13.1 MeV and 14.57 MeV for 15C.We disuss now a few details in the deay sheme of�g. 8. The 9/2+ state of 17C at 3.10 MeV is expeted todeay to the 2+1 state of 16C by the emission of a neutron
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Fig. 8. (Color online) Deay shemes for the one-neutron deay of (sd)3 strutures in 15C, 16C and 17C proposed from thesystematis of exited states and from the interpretation of their widths given in table 8. Only the relevant levels are displayed.The orresponding deay branhes from states of 17C, 16C and 15C with (3p-xh) (x= 0, 1, 2, respetively) neutron on�gurationsto states of (2p-xh) on�gurations are indiated by the lines onneting the parent states with the daughter states. The groundstates of the 14C, 15C and 16C are shifted to the level of the one-neutron thresholds of 15C, 16C and 17C, respetively. Note thestrong similarity between the deay pattern of the deays from 17C to 16C and from 15C to 14C.with the orbital angular momentum `=2, beause it hasa dominant (1d5/2)3 on�guration. The deay to the 0+ground state would inrease the deay energy. But then adeay orbital angular momentum of `=4 is required andthe high entrifugal barrier redues this deay branh verymuh. A neutron deay with `=0 to the 4+1 state of 16C isforbidden by energy onservation.The (11/2+) state in 17C at 7.47 MeV is situated about1.3 MeV above the three-neutron threshold and has anexperimental width of �exp= 0.5(1) MeV. The deay tothe state at 6.11 MeV in 16C, whih was assigned ten-tatively as 3�, will not �t, beause the latter state hasa (3p-1h) on�guration, as disussed in onnetion withthe 0.31 MeV state in 17C, but a (2p-0h) on�guration
is needed as �nal on�guration. Aording to the SM-alulations we assume a [(1d5/2)24+
 (1d3/2)℄11=2+ on-�guration for the 11/2+ state, and therefore a neutrondeay to the 16C 4+1 state by the emission of a 1d3/2 or1d5/2 neutron is most probable. As shown in �g. 8, thisdeay leads to a partile-stable state of 16C, whih pre-vents further partile deays, although the deay startedabove the 3n-threshold. The same onditions are met notonly for the next lower state of 17C, but for all lower-lyingstates: already the one-neutron emission leads to states of16C, whih are partile-stable. The one-neutron deay de-termines the widths, if the deay branhes of simultaneousemission of two or three neutrons an be negleted.



H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopes 21Table 8. Deay properties of resonanes in 17C (upper part), 16C (entral part) and 15C (lower part). For eah deay branh theexitation energy Ex;i, resonane energy ER and spin-parity J�i of the initial state and the exitation energy Ex;f and spin-parityJ�f of the �nal state is spei�ed. Then the resonane energies E�R with respet to exited states at Ex;f in the daughter nuleusare given aording to eq. (6) and the deay sheme of �g. 8. From the measured widths �exp (olumn 9) the redued widths2̀;exp are alulated aording to eq. (8) assuming deay `-values from `=0 to `=3, these results and the relative error in perentare given in the next following �ve olumns. The states are numbered in olumn 2 in the same way as in table 3, states of thethree isotopes with orresponding struture in 17C, 16C and 15C have the same number.Ex;i ER J�i Ex;f J�f E�R �exp 2̀;exp [MeV℄ err.Deay No. [MeV℄ [MeV℄ [MeV℄ [MeV℄ [MeV℄ `=0 `=1 `=2 `=3 [%℄2 2.06 1.33 ( 32+) 0.00 0+ 1.33 0.25(12) 0.085 0.12 0.37 3.06 5017C 3 3.10 2.37 92+ 1.77 2+ 0.60 0.08(4) 0.041 0.08 0.55 12.1 50!16C 4 4.25 3.52 ( 52+, 92+) 1.77 2+ 1.75 0.14(7) 0.042 0.06 0.13 0.77 505 6.20 5.47 ( 52+) 3.03 0+ 2.44 0.35(15) 0.088 0.11 0.21 0.80 403.98 2+ 1.49 0.35(15) 0.113 0.16 0.43 3.06 406 7.47 6.74 ( 112 +) 4.14 4+ 2.60 0.58(10) 0.122 0.15 0.31 1.00 202 7.74 3.49 (1�- 3�) 3.10 12� 0.39 0.15(4) 0.094 0.24 2.69 97.0 2016C 3 8.92 4.67 5� 4.22 52� 0.45 0.04(2) 0.023 0.06 0.52 160 50!15C 4 9.98 5.73 (3�,5�) 4.22 52� 1.51 0.12(3) 0.038 0.05 0.14 1.02 25(3�) 4.66 32� 1.07 0.12(3) 0.046 0.07 0.26 2.88 255 11.85 7.60 (3�) 5.87 32� 1.73 0.22(4) 0.066 0.09 0.21 1.27 20� 12.54 8.29 (3�) 5.87 12� 2.42 (0.2(1)) 0.051 0.06 0.12 0.47 506.84 92� 1.45 (0.2(1)) 0.065 0.09 0.26 1.92 506 13.12 8.87 (6�,5�) 6.84 92� 2.03 0.40(10) 0.110 0.14 0.30 1.48 252 8.45 7.23 ( 32+) 6.59 0+ 0.64 0.040(15)a 0.019 0.04 0.24 4.80 5015C 3 9.75 8.53 ( 92+) 8.32 2+ 0.21 0.020(15)a 0.013 0.05 1.03 69.0 70!14C 4 11.05 9.83 ( 52+, 92+) 8.32 2+ 1.51 0.10(5) 0.032 0.05 0.12 0.86 505 13.1 11.88 ( 52+) 9.75 0+ 2.13 0.30(8) 0.081 0.11 0.22 1.00 3010.43 2+ 1.45 0.30(8) 0.098 0.14 0.39 2.91 30� 13.8 12.58 ( 52+, 72+) 10.43 2+ 2.15 (0.3(2)) 0.081 0.10 0.21 0.97 676 14.57 13.35 ( 112 +) 11.73 4+ 1.62 0.13(5) 0.040 0.06 0.14 0.92 4010.74 4+ 2.61 0.13(5) 0.032 0.04 0.07 0.26 40a [34,35℄We have alulated from the widths �exp, whih wereobtained from the analysis of the spetra, the experimen-tal values of redued widths  2̀;exp aording to eq. (8) forthe one-neutron deay from states of 17C to 16C, from 16Cto 15C and also from 15C to 14C (see upper, entral andlower part of table 8, respetively). 2̀;exp = �exp2 P`(E�de(J�i ; J�f )) (8)The dependene of the deay energy E�de on both ex-ited states aording to eq. (7) is indiated expliitly ineq. (8). One an see, that the `-dependene of the reduedwidth  2̀;exp results only from the `-dependene of the pe-netrability P`(Ede). The penetrabilities are alulated ata hannel radius of 6 fm (as before) using the deay ener-gies at resonane E�R given in table 8, olumn 8.The redued width  2̀;exp represents the physial quan-tity of interest for struture information. The values ob-tained for `=2 deays from 17C states range from 0.13 to0.55 in good agreement with expetations, whereas thosefor `= 0 are very small. Assuming `= 1 for the neutron de-ays results also in rather small values, but anyway, (1p)shell on�gurations are most probably not populated in17C in the present reation, as disussed above. The val-ues of the redued widths for deays of 17C with `= 3 are

utuating strongly (table 8) due to the stronger sensi-tivity of the penetrability at these low deay energies tothe higher entrifugal barrier. For this reason the valuesof  2̀=3;exp are not very reliable, although in some asesdeays with `= 3 might not be ompletely exluded. Butfurther arguments from the general systematis and theSM-alulations support de�nitely a preferene for deayangular momenta of `= 2. The values for deays with `= 4(not shown in table 8) are always by far too large, theyare an order of magnitude larger than the ones for `= 3.The alulations for the deay of 16C states have beenperformed in the same way as for 17C. Here we onsiderthe neutron deay of (3p-1h) strutures to states of 15Cwith a (2p-1h) struture (�g. 8). The redued widths showa similar good agreement for `= 2 deays, exept for the7.74 MeV state, where the redued width is too large by atleast a fator of �ve. This is obviously related to the steepenergy dependene of the penetrability near the threshold.The deay energy at resonane, E�R, has a value of only0.39 MeV for this state. The larger width �exp may be ex-plained assuming ontributions also from an `= 0 (2s1/2)deay omponent in the wave funtion in addition to `= 2.The next state at 8.92 MeV has a similar small valueof the deay energy E�R= 0.45 MeV, but also �exp is small(table 8). Here we assumed a strethed (1d5/2)39=2+ neu-



22 H.G. Bohlen, R. Kalpakhieva, et al.: Spetrosopy of 17C and (sd)3 strutures in heavy arbon isotopestron on�guration aording to the struture of the or-responding state in 17C and therefore expet an almostpure `= 2 deay. The experimental value of the reduedwidth  2̀=2;exp = 0.52 MeV is in very good agreement withthe expetations in this ase.All the (3p-2h) resonanes of 15C analyzed in this mea-surement have very similar values for the redued widthsas ompared to the orresponding (3p-0h) resonanes in17C. This result shows that the deays from the (1d) neu-tron orbits are the dominant omponents in most ases,and it on�rms the similar struture of these states for15C and 17C.5 ConlusionsExited states of 17C above the neutron threshold havebeen observed up to 16.3(1) MeV exitation energy us-ing the (12C,9C) three-neutron transfer reation on 14C.These are ompared to states of 16C and 15C obtainedin the same reation on 13C and 12C targets. The ini-dent energy in all ases is 19.2 MeV/u. The large negativeground state Q-values of about -40 MeV and the dynami-al reation onditions impose strong and seletive math-ing onditions for the population of �nal states. In thisreation preferentially neutron (sd)3 strutures are popu-lated.A omparison of the level shemes of 17C and 16Cshows the surprising result, that the exitation energiesof almost all states observed in 17C agree with exita-tion energies in 16C [27℄ within variations of the di�eren-es of only -0.17/+0.23 MeV, when a onstant o�set of5.82 MeV is taken into aount. The situation is simi-lar for 15C states populated in the three-neutron transfer,where the variations are somewhat larger, and the meano�set is 6.85 MeV.Most of these states are partile-unstable and there-fore are desribed as Breit-Wigner resonanes. Also thewidths of the orresponding states and the relative rosssetions show a similar regular behaviour as the exita-tion energies. These results an be well understood in theweak oupling model: the transferred neutrons are plaedinto (sd)3 on�gurations and the target nulei beome theores of the strutures, in aordane with the popula-tion mehanism of a diret three-neutron transfer. Thesestrutures are on�rmed by SM-alulations and also byomparison to states of 19O with orresponding struture.Deay shemes of the neutron deays from states with(3p-xh) on�gurations in 17C (x=0), 16C (x=1), and 15C(x=2) to states of 16C, 15C, 14C with known (2p-xh) on-�gurations [24{27,32℄ have been proposed (�g. 8). The de-ay energies from the parent to the orresponding daugh-ter states are in this ase muh smaller than for the deayto the ground state of the daughter nuleus. Using thesedeay energies in the alulation of the penetrabilities forthe neutron deays, experimental values of redued widthshave been obtained from the measured width parameters.The alulations have been performed for a variety of de-ay `-values to show its sensitivity on the deay angular
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