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Shell structure of the neutron-rich isotopes 69,71,73Co
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 The structures of the neutron-rich 69,71,73Co isotopes were investigated via (p, 2p) knock-outreactions at the Radioactive Isotope Beam Factory, RIKEN. Isotopes of interest were studied us-ing the DALI2 γ-ray detector array combined with the MINOS target and tracker system. Levelschemes were reconstructed using the γ-γ coincidence technique, with tentative spin-parity assign-ments based on the measured inclusive and exclusive cross sections. Comparison with shell modelcalculations using the Lenzi-Nowacki-Poves-Sieja LNPS and PFSDG-U interactions suggests coex-istence of spherical and deformed shapes at low excitation energies in the 69,71,73Co isotopes. Thedistorted-wave impulse approximation (DWIA) framework was used to calculate the single-particlecross sections. These values were compared with the experimental findings.
 I. Introduction
 Shape coexistence is one of the central topics in nu-clear physics [1]. Investigations have shown that the
 ∗ Email: [email protected]† Email: [email protected]‡ Present affiliation: Institut für Kernphysik, Technische Univer-sität Darmstadt, 64289 Darmstadt, Germany§ Present affiliation: Department of Physics, University of York,York YO10 5DD, United Kingdom
 shape of nuclei, described in terms of multipole mo-ments (quadrupole, octupole, ...), can vary greatly witha change of few protons or neutrons [2, 3]. Nuclei locatedin the valley of stability and close to proton and neutronmagic numbers appear to be spherical, while isotopes inthe mid-shell region are found to have deformed shapes[4–6]. Deformation in nuclei in general is caused by thequadrupole interaction [7, 8]. Examination of shell evolu-tion in regions far from stability is important for assessingnuclear models, as new features arise, for instance newmagic numbers [9–12] and rapid phase transitions [13].For instance, 68Ni has attracted much attention due toits neutron N = 40 harmonic oscillator magic number
 mailto:Email: [email protected]
 mailto:Email: [email protected]

Page 3
						

2
 and proton magic number Z = 28 [14]. The observationof a high 2+1 excitation energy in 68Ni has provided aclear signature for its magicity (spherical shape) in theground state [15, 16]. On the other hand, the 2+1 excita-tion energy of 66Fe, which has only two protons removed,drops significantly, indicating a deformed shape [17, 18].The isotope 67Co is located between 68Ni and 66Fe alongthe N = 40 isotonic chain, and, interestingly, experimentindicates that it exhibits shape coexistence [19–22].
 Energy systematics of the odd-mass 55−67Co isotopes,presented in Ref. [19], show that the 9/2−1 and 11/2−1excited states closely follow the corresponding 2+1 exci-tation energies in the neighboring Ni isotopes. Excited9/2−1 and 11/2−1 states of 55Co (N = 28) lie at approxi-mately 3 MeV, very close to the 2+1 excitation energy of56Ni. With increasing neutron number, excited 9/2−1 and11/2−1 states of 57Co drop together with the 2+1 excitationenergy of 58Ni. This trend continues with slight vari-ations along the even-odd Co isotopes, suggesting thatthese 9/2−1 and 11/2−1 levels can be approximated asπf−17/2 ⊗ 2+1 (Ni) configurations. For 67Co, the heaviestisotope with tentatively assigned 9/2−1 and 11/2−1 levels,their rise in excitation energy is analogous to the risein 2+1 excitation energy of 68Ni and indicates sphericalfeatures.
 Conversely, the observation of a low energy isomericlevel at 492 keV (T1/2 = 496 (33) ms) with spin 1/2− inthe isotope 67Co revealed the existence of a decay bandwith a different structure from a proton hole configura-tion, as this state was greatly decreased in energy com-pared to the excitations in 68Ni [20]. This low-lying iso-mer configuration in 67Co has been interpreted as a pro-late proton-intruder state coupled to the ground state ofthe isotope 66Fe [21]. The low-energy 1/2−–3/2− configu-ration is explained by strong proton-neutron correlationsproducing a deformed shape in 67Co [20, 21].
 So far, among all neutron-rich Co nuclei only 67Co hasshown signs of shape coexistence. Together with indi-cations of shape coexistence reported in 78Ni [23], thisraises the question regarding the shell evolution towardsN = 50. The region beyond N = 40 is experimentallychallenging, in particular β-decay studies of 71,73Co of-fer only limited yield due to the very low productionrates of 71,73Fe secondary beams and large β-delayed neu-tron emission probabilities. In this work, the in-beam γray spectroscopy technique combined with the quasi-free(p, 2p) reaction was chosen to establish level schemes of69,71,73Co. While γ-ray transitions have been measuredfor 69Co, but not placed in the level scheme [24], hithertono data were available on 71,73Co.
 II. Experiment
 The experiment was carried out at the Radioactive Iso-tope Beam Factory, operated by the RIKEN NishinaCenter and the Center for Nuclear Study, University of
 FIG. 1. (Color online) Particle identification plot for ra-dioactive ions passing BigRIPS for the first (left) and secondsetting (right).
 FIG. 2. (Color online) Particle identification plot for ra-dioactive ions arriving at ZeroDegree for the first (left) andsecond setting (right).
 Tokyo, where radioactive isotopes of 70,72,74Ni were pro-duced by impinging a 345 MeV/u 238U primary beam(with an average intensity of 12 pnA) onto a 3-mm-thick 9Be target. Fragmentation products, which hadan energy of ∼ 270 MeV/u, were separated and identi-fied using the BigRIPS separator [25, 26]. Two settingswere applied to BigRIPS to produce the isotopes of in-terest. Particle identification on an event-by-event basiswas performed via time of flight (ToF), magnetic rigidi-ties (Bρ), and energy loss (∆E) measurements. The ToFwas measured between two plastic scintillators separatedby 46.6 m, Bρ was measured by trajectory reconstructionusing position-sensitive parallel plate avalanche counters(PPAC) [27], and the energy loss was measured usinga Multiple Sampling Ionization Chamber (MUSIC) [28].Particle identification of the fragments of both BigRIPSsettings is shown in Fig. 1.
 Excited states of 69,71,73Co were populated via (p, 2p)reactions of 70,72,74Ni secondary beams that had intensi-ties of 90 pps, 9 pps, and 8 pps, respectively. The sec-ondary beams were delivered to MINOS [29], a time pro-jection chamber (TPC) surrounding a secondary targetof 102(1) mm length filled with liquid hydrogen with aneffective thickness of 735(8) mg/cm2 [30]. Average center-of-target energies were 252, 241, and 234 MeV/u for thethree secondary beams. The TPC was used to track pro-tons from (p, 2p) reactions in order to reconstruct the ver-tex of the reaction, thus improving resolution for Dopplercorrections. The reaction vertex was reconstructed witha 95% efficiency for at least one proton tracked from the
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 (p, 2p) channel and with 5 mm resolution (FWHM) alongthe beam axis [31]. Reaction products exiting MINOSwere identified with the ZeroDegree spectrometer [26] bythe ToF-Bρ-∆E technique. The particle identification ofthe reaction products is shown in Fig. 2.
 The DALI2 NaI(Tl) detector array [32] measuredprompt γ rays emitted following the reactions. DALI2consisted of 186 NaI(Tl) crystals, covering angles from12◦ to 96◦ degrees in the laboratory frame (between tar-get center and detector center) along the beam axis. En-ergy calibrations of the detectors were made using sta-tionary 88Y, 137Cs, and 60Co γ-ray sources. The en-ergy resolution of the array was measured to be 9% (6%)(FWHM) for 662 keV (1333 keV) γ rays. Doppler cor-rections, using the reconstructed vertex position in MI-NOS, were made to obtain the excitation energies in thecenter-of-mass frame. An add-back procedure, with amaximum distance between two γ rays of 15 cm, wasperformed to improve the peak-to-background ratio andphoto-peak efficiency. The detection threshold was set toapproximately 170 keV. From GEANT4 simulations [33],a full-energy photo-peak efficiency of 32% (20%) for 0.5MeV (1 MeV) γ rays emitted at β = 0.6 was obtainedprior to applying add-back procedures.
 III. Results
 Transition energies for 69,71,73Co measured in this workare listed in Tab. I together with energy uncertaintiesand relative γ ray intensities corrected for detection ef-ficiency. Spin-parities of the excited states could not bedetermined by means of momentum distribution and an-gular correlations of γ rays due to resolution as the mostlimiting factor. Experimental data were fitted with gen-erated detector response functions via GEANT4 simu-lations together with two exponential functions for thebackground. Intrinsic resolutions of individual DALI2crystals with the 5 mm FWHM resolution in the ver-tex reconstruction were taken into account for the sim-ulations. The energy calibration uncertainty (5-keV),statistical uncertainty, and systematic uncertainty wereadded in quadrature to deduce the final transition energyuncertainties. Lifetime estimates of low energy transi-tions in 69Co were obtained from the minimization ofχ2-distributions as a function of transition energy andlifetime. The χ2 values were obtained from the fittingof the experimental spectrum with simulated responsefunctions in steps of 25 ps and 5 keV.
 Figure 3 presents Doppler-corrected spectra obtainedfrom the 70Ni(p, 2p)69Co reaction. Two γ-γ coinci-dence spectra for the reaction are shown in the insets.For this isotope, transitions were observed at 240(11),287(11), 427(11), 488(11), 662(20), 1102(25), 1285(8),and 1591(8) keV of which the latter one was the strongest(I1591 = 100(8)%). For the low energy transitions of240(11), 287(11) and 427(11) keV, lifetimes were obtained
 FIG. 3. (Color online) (a) Doppler-corrected γ ray spectrumfor 69Co populated via the 70Ni(p, 2p)69Co reaction. γ-γ co-incidence spectra for the (p, 2p) reaction are shown in theinsets with a gate on the 1102-keV transition, (b), and a gateon the 488-keV transition, (c). The analysis was made forγ ray multiplicity, Mγ = 2 for (b) and Mγ ≤ 3 for (c). In-dividual response functions for each transition are shown aslong-dashed black curves, background with short-dashed redcurves, and data fits with solid red curves.
 FIG. 4. (Color online) (a) Doppler-corrected γ-ray spec-trum for 71Co populated via the (p, 2p) reaction. Inset (b)shows the γ-γ coincidence spectrum with a gate on the 800– 1050 keV region and considering all Mγ (background is notsubtracted). Individual response functions for each transitionare shown as long-dashed black curves, background as short-dashed red curves, and data fits as solid red curves.
 to be 144(40), 271(100) and 78(60)-ps respectively. Sub-sequent γ-γ analysis revealed coincidences between the1102 and 488-keV transitions. As the sum of these twoenergies matches well with the 1591-keV transition, theyare believed to originate from the same level. Intensityarguments put the 1102-keV transition (I1102 = 54(8)%with respect to the highest intensity γ) below the 488-keV transition (I488 = 25(6)%). Relative intensities ofother transitions were measured to be the following: I240= 48(6)%, I287 = 31(6)%, I427 = 29(6)%, I662 = 15(6)%,I1285 = 22(8)%.
 The Doppler-corrected γ-ray energy spectra in coin-cidence with the 72Ni(p, 2p)71Co reaction are presented
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 TABLE I. Summary of γ-ray transitions for 69,71,73Co nucleimeasured in the current experiment. Relative intensities for69Co were measured for Mγ ≤ 3, for 71,73Co - for full gammamultiplicity Mγ .
 Isotope Eγ (keV) τ (ps) Iγ(%) γ-γ (keV) Literature
 69Co
 240(11) 144(40) 48(6) 250 [24]287(11) 271(100) 31(6) 291 [24]427(11) 78(60) 29(6) 446 [24]488(11) 25(6) 1102662(20) 15(6) 648, 663
 680 [24]1102(25) 54(8) 488 1105 [24]1285(8) 22(8)1591(8) 100(8)
 71Co246(16) 100(34)892(20) 93(54) 925925(27) 88(56)
 73Co
 234(11) 20(10)403(15) 20(16)752(33) 100(24) 1044, 4031044(37) 48(24) 7521790(20) 82(30)
 FIG. 5. (Color online) (a) Doppler-corrected γ-ray spec-trum for 73Co populated via the (p, 2p) reaction. γ-γ coin-cidence spectra are shown as as insets without backgroundsubtraction and all Mγ , a gate on 752-keV, (b), and a gateon 1044-keV (c). Individual response functions for each tran-sition are shown as long-dashed black curves, background asshort-dashed red curves, and data fits as solid red curves.
 in Fig. 4. Spectra were fitted in the same way as for69Co. Transition energies were observed at 246(16),892(20), and 925(27) keV, with relative intensities ofI246 = 100(34)%, I892 = 93(54)% and I925 = 88(56)%with respect to the highest intensity γ. The latter twotransitions were obtained from the self coincidence of the800-1050 keV region, which suggests the existence of twocoincident γ-ray transitions merging into one structurein the spectrum. No γ-ray transitions were observed incoincidence with the 246-keV transition.
 The Doppler-corrected γ-ray spectrum following the74Ni(p, 2p)73Co reaction is shown in Fig. 5. Transi-
 tion energies were observed at 234(11), 403(15), 752(33),1044(37), and 1790(20)-keV. The measured relative in-tensities were I234 = 20(10)%, I403 = 20(16)%, I752 =100(24)%, I1044 = 48(24)% and I1790 = 82(30)% withrespect to the highest intensity γ. The γ-γ coincidenceanalysis revealed that the 752-keV transition is in coin-cidence with the 1044-keV transition. Furthermore, thesum of the 752-keV and 1044-keV transitions corresponds,within error bars, to the 1790-keV transition. Therefore,it is assumed that they belong to the same decay branch,with intensity arguments putting the 752-keV transitionof the cascade below the 1044-keV transition. Also the752-keV transition was found to be in coincidence withthe 403-keV transition. Possibly due to low statistics andlow peak-to-background ratio, the 234-keV transition wasnot clearly observed in γ-γ coincidence. Proposed levelschemes for 69,71,73Co nuclei are presented in Fig. 6.
 Inclusive and exclusive cross sections of the (p, 2p)reaction channels for 69,71,73Co are presented in Ta-ble II. Transmission coefficients of ZeroDegree and re-action losses in the secondary target were taken into ac-count in the extraction of the cross sections. Cross sec-tions to the ground state, σg.s., were estimated by sub-tracting the sum of exclusive cross sections, σex, to ex-cited states from the inclusive cross section, σinc. Due topandemonium effects and the unplaced transitions theyrepresent upper limits. The ratio σg.s./σinc was thenestimated to be less or equal to 73(10)%, 68(18)% and73(20)% for 69,71,73Co nuclei, respectively. Quoted uncer-tainties of exclusive cross sections also include statisticaluncertainties arising from the of γ-ray intensities.
 TABLE II. Inclusive and exclusive cross sections of the (p, 2p)reaction channel for 69,71,73Co nuclei. Exclusive cross sectionsare presented together with proposed values for Jπ. Thesingle-particle cross sections (σsp) were calculated from theDWIA framework. See text for details.
 Isotope Jπ Eex σex σsp σex/σsp(keV) (mb) (mb)
 69Co
 (7/2−1 ) 0 < 9.6(6) 1.70 <5.6(9)(9/2−1 ) 1102sph < 0.7(1)(7/2−2 ) 1591sph 2.8(2) 1.66 1.7(3)inclusive 13.1(6)
 71Co
 (7/2−1 ) 0 < 6.6(17) 1.54 <4.3(13)(9/2−1 ) 892sph 0.0(10)(7/2−2 ) 1817sph 1.6(8) 1.44 1.1(6)
 246def 1.5(6)inclusive 9.7(6)
 73Co
 (7/2−1 ) 0 < 6.0(14) 1.40 <4.3(12)(9/2−1 ) 752sph 0.0(10)(7/2−2 ) 1790sph 1.5(6) 1.36 1.1(5)inclusive 8.0(10)
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 TABLE III. Properties of the deformed K = 1/2− bands in69,71,73Co obtained from shell-model calculations. The LNPSinteraction was used for 69,71Co and the PFSDG-U interactionfor 73Co.
 69Co 71Co 73CoQuadrupole moment Q0 (e·fm2) 300 290 320Deformation parameter (β) 0.3 0.3 0.3B(E2,5/2− →1/2−) (e2fm4) 500 440 420E(1/2−)def -E(7/2−)sph (keV) -240 +60 +670
 IV. Discussion
 Level schemes for 69,71,73Co nuclei were reconstructedbased on γ-ray transitions showing clear coincidenceswith each other. They are presented in Fig. 6. The γ-raycoincidence analysis for 69Co has shown clear existenceof one independent decay path, consisting of the 1102and 1591-keV levels. Energies of the γ rays for 69Co,measured in the current experiment, are in good agree-ment with data from literature [24]. Transition energiesof 1102(25)-keV and 662(20)-keV are in good agreementwith the 1105-keV transition and the 648, 663, 680-keVtriplet observed following β-decay [24]. Despite similaritybetween the 1591(8)-keV transition and reported 1582-keV transition [24], it is suggested that two transitionsoriginate from different energy levels. This is supportedby the absence of the 488(11)-keV transition in the pre-vious experiment. The observed γ rays with energies of240(11) and 287(11)-keV, which were not placed in thelevel scheme, agree well with the 250 and 291-keV transi-tions observed in β-decay [24]. The observed 427(11)-keVtransition may correspond to the 446-keV transition fromRef. [24].
 Shell model calculations for 69,71Co were carried outin the pf5/2g9/2d5/2 valence space [34] using the LNPSinteraction [34] and for 73Co in the pf-sdg valence spaceusing the PFSDG-U interaction [35]. Calculated levelschemes for 69,71,73Co are shown in Fig. 6 next to theirexperimental counterparts. Two structures are predictedfor all three Co isotopes: A “spherical” band, which corre-sponds to πf−17/2 proton hole states, and a low-lying “de-formed” K=1/2− band that corresponds to πf−27/2pf
 +1
 states. Deformation parameters of the K=1/2− band foreach isotope can be found in Table III. The energy levelsof 69Co measured in the current experiment at 1102 and1591 keV are in good agreement with the predicted 9/2−and 7/2− spherical states at 1130 and 1420 keV, whichcan be interpreted as members of the πf−17/2 ⊗ 2+1 (70Ni)multiplet in a weak coupling scheme.
 In addition, 69Co may feature the existence of a low-lying deformed band. These states may be populatedin the (p, 2p) reactions by removal of a proton from thep3/2 or f5/2 orbital when two f7/2 protons are elevatedabove the Z = 28 shell to the 0+g.s. in the correspond-
 ing nickel isotope. For 62,64Ni it was estimated that thep3/2 orbital is filled up to 12% [37, 38], and a similarshell structure is expected in heavier Ni nuclei. “De-formed” states are interpreted in the shell-model as mem-bers of a strongly coupled K = 1/2− band, which has a(1p− 2h+ 2p− 3h) structure across Z = 28 for protonsand (4p − 4h) across N = 40 for neutrons. The relativeposition of the 1/2−def and 7/2−sph bands can be identi-fied by measuring an M3, 1/2− → 7/2− transition, asalready discussed in Ref. [24] for 69Co. It was impossi-ble to measure transitions with long lifetimes with thecurrent experimental setup. We further note the exis-tence of a low-lying, prolate deformed 0+2 1567-keV levelwas reported in Ref. [36] and well described theoreticallyin Ref. [16]. A proton hole 7/2− state coupled to thisdeformed 0+2 state would produce a deformed, excitedstate in 69Co at similar excitation energy. It is stressed,however, that the present knockout experiment was onlysensitive to the overlaps between the states in the Coisotopes and the ground state of the corresponding Niisotopes.
 Also the level schemes of 71,73Co may have low-lyingbands, as evinced by the low-energy γ-ray transitions, inaddition to the spherical states. Indeed, such bands arepredicted with the the LNPS and PFSDG-U interactions,as shown in Fig. 6. In 71Co, the observed excited state at1818-keV likely corresponds to the predicted 7/2− levelat 1600-keV, while the experimental level at 892-keV cor-responds to the 9/2− level, in agreement with expecteddecay patterns. Since the 246-keV transition was notfound in coincidence with the transitions from spheri-cal states, it is suggested that this transition belongs tothe deformed band. The 246-keV transition likely corre-sponds to either the predicted 5/2− → 1/2− transition,or the 3/2− → 5/2− transition. The isotope 73Co man-ifests a similar level scheme. The experimental level at1790-keV is well matched by the predicted 7/2− levelat 1560-keV. Likewise, the experimental level at 752-keVcorresponds to the predicted 9/2− counterpart at 710-keV. Analogously, the experimental transition at 234-keVmay correspond to a transition between the predicted de-formed 3/2− or 5/2− levels at 870 and 850-keV decayinginto the 1/2− level at 670-keV. As for 69Co, no relativeposition of 1/2−def and 7/2−sph states in 71,73Co was de-termined with the current experimental set-up.
 Inclusive and exclusive cross sections presented in Ta-ble II provide more insights on the shell structure of69,71,73Co isotopes. Cross sections to the ground statewere evaluated to be less than or equal to 70% with re-spect to the inclusive cross sections for 69,71,73Co iso-topes. The tentative spin-parity assignments of excitedstates of 69,71,73Co isotopes can be corroborated by thesecross sections. In a single particle model, the knock-outof an f7/2 proton from Ni isotopes by the (p, 2p) reactionsimply results in the 7/2− ground state of the respec-tive Co isotope. This argument is supported by the largespectroscopic factors to the 7/2− ground states extractedfor 61,63Co nuclei [38–41]. These studies also found spec-
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 FIG. 6. Proposed level schemes and tentative spin-parity assignments for 69,71,73Co and according shell model calculationsusing the LNPS and PFSDG-U interactions. The relative position of spherical and deformed states was not measured duringthe experiment. The relative position of decay bands is defined with respect to “x” and “y” shifts, which can take on differentvalues for each level scheme. Values of 0+ and 2+ Ni states are taken from Ref. [36, 47] See text for details.
 troscopic factors of C2S ≈ 0.6 for the first excited 7/2−state.
 Theoretical single-particle cross sections, σsp, pre-sented in Tab. II, were calculated in the Distorted WaveImpulse Approximation (DWIA) framework [42] and av-eraged along the target length. The Bohr-Mottelsonsingle-particle potential [43] was used to obtain thesingle-particle wave function and the nuclear density.The depth of the potential was adjusted to reproduce thesingle-particle energy. The microscopic folding model [44]with the Melbourne g-matrix interaction [45] and the cal-culated nuclear density was used to construct the opticalpotentials for the distorted waves in the initial and fi-nal channels. The spin-orbit part of distorting potentialswas disregarded. The pp interaction was adopted fromthe Franey-Love effective interaction [46]. This approachis estimated to provide theoretical single-particle crosssections with a systematic uncertainty of 15% [42]. It re-sulted in ground state ratios (σexg.s/σsp) of 5.6(9), 4.3(13)and 4.3(12) for 69,71,73Co isotopes, respectively. Thesevalues are similar to the ground state spectroscopic fac-tors obtained for 61,63Co nuclei [38–41], but it must bestressed that due to unobserved feeding and the unplacedtransitions the obtained values in the present work areonly upper limits. Similarly, large values of σex suggestan assignment of the second-excited state of the spheri-cal band in the 69,71,73Co nuclei to be Jπ = 7/2−. More-over, shell model calculations and decay patterns thensuggest the first-excited state of the spherical band in69,71,73Co to have a spin-parity of Jπ = 9/2−. This statecannot be directly populated by the (p, 2p) reaction, butthrough feeding from higher-lying excited states. Indeed,low cross sections were observed for the tentatively as-signed 9/2− states.
 Finally, it is interesting to compare the energy system-atics between the 9/2−1 states relative to the 7/2−1 states– for most isotopes it is the g.s. – in the 69,71,73Co iso-topic chain and the corresponding 2+1 excitation energiesfor the Ni isotopes. The comparison displayed in Fig. 6
 reveal a clear correlation between the 9/2−1 states and re-spective 2+1 excitations in the Ni isotopes. This tendencysuggests that the 9/2−1 states of Co isotopes are part ofthe πf−17/2⊗ 2+1 (Ni) multiplet. The significant drop of the9/2−1 energies in 69,71,73Co isotopes, comparing to 9/2−1of 67Co reported in [19–22], may be understood as anincrease of the paring correlations between protons andneutrons. Shell model calculations presented in Table IIIalso support the changes in shell structure of the Co iso-topes, as the intrinsic (mass) quadrupole moment Q0, in-creases by ∼ 120 e·fm2 from Q0 = 180 e·fm2 (calculatedin Ref. [19]) for 67Co to Q0 ∼ 300 e·fm2 for 69,71,73Co.
 V. Summary and Conclusions
 In the present work, excited states in neutron-rich odd-even 69,71,73Co nuclei have been populated via quasi-free (p, 2p) knockout reactions. BigRIPS and ZeroDe-gree spectrometers were used together with the DALI2array and the MINOS hydrogen target and TPC to ex-tract their excitation energies. Level schemes were recon-structed via γ − γ analysis for the first time. Large-scaleshell-model calculations using LNPS and PFSDG-U ef-fective interactions were confronted with our experimen-tal findings. Spin-parity of reconstructed levels were pro-posed based on the measured inclusive and exclusive crosssections. The single-particle cross sections, calculated inDWIA, were used to evaluate the ratio between σex andσsp. Tentatively assigned 9/2−1 states of 69,71,73Co iso-topes follow the trend of the 2+1 level energies of the nickelisotopes. Taking into account the systematic behaviorand the good agreement with shell-model calculations,the excited 7/2− and 9/2− states can be interpreted asπf−17/2 ⊗ 2+(Ni) configurations.
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