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I. INTRODUCTION

The shape of a nucleus is governed by the interplay of stabilizing shell gaps, which prefer a spherical shape and quadrupole correlations, which tend to deform the nucleus. In the neutron-rich zirconium (Z = 40) and strontium (Z = 38) isotopes a sharp transition between spherical ground states for nuclei with neutron number N 59 and strongly deformed ground states at N = 60 and beyond has been inferred from isotope shift measurements [1]. At the same location the excitation energy of the first 2 + state in the even-even nuclei indicates a rapid onset of collectivity [2]. This sudden drop in E (2 + 1 ) at N = 60 has been observed in Zr and Sr nuclei, but not in the heavier Mo or lighter Kr isotones. The origin of the shape transition has been attributed to the specifics of the proton-neutron interaction. Filling of the neutron (ν) g 7/2 orbital leads to a lowering of the g 9/2 proton (π ) orbital enabling proton excitations into the π g 9/2 orbital. The increase in occupation of the π g 9/2 orbital enables further promotion of particles into the νg 7/2 orbital leading to deformation [3]. Monte Carlo shell-model (MCSM) calculations in a very large model space were able to trace the effective singleparticle energies of the relevant neutron orbitals for excited states [4]. The results show that the structure of the N = 58 nucleus 98 Zr in the excited 0 + state is dominated by many particle excitations to the proton g 9/2 orbital and resembles the ground state of 100 Zr at N = 60. This suggests a coexistence and inversion of spherical and deformed structures at N = 60.

The sharp drop of the 2 + energy is accompanied by a drop in energy of the first excited 0 + [E (0 +

2 )] state. The E (0 + 2 ) energy continuously decreases with increasing neutron number from above 3 MeV at N = 50 down to 1229 keV in 96 Sr (N = 58). At N = 60 the two structures cross, the deformed 0 + state becomes the ground state, while the spherical one is located at only E (0 +

2 ) = 215 keV. The interpretation that the ground state of the N = 60 nucleus 98 Sr is strongly deformed while the 0 + 2 state is spherical was recently confirmed by a measurement of the electric quadrupole moments obtained from Coulomb excitation [5]. Interestingly, there is a third lowlying 0 + state present in the Sr nuclei, which decreases also in energy, but not as dramatically as the deformed configuration.

In 96 Sr the excited 0 + states are connected by a very strong electromagnetic transition matrix element [6]. A measurement of the (d, p) transfer reaction cross section from the ground state of 95 Sr to the 0 + states of 96 Sr showed that the excited 0 + states can be understood resulting from the strong mixing of two configurations with very different deformation [7].

In this paper we investigate the single-particle structure of the neutron-rich 93-95 Sr nuclei by (d, t ) neutron removal reactions. Spin and parity assignments in the odd-A 93,95 Sr are constrained and spectroscopic factors give insights into the single-particle structure approaching the shape transition.

In 94 Sr the selectivity of the (d, t ) reaction allowed for the identification of excited 0 + states. The spectroscopic factors are interpreted as resulting from the mixing of two distinct structures and show that there is strong mixing at N = 56.

II. EXPERIMENTAL DETAILS

The present 2 H( 94,95,96 Sr, t ) experiments were carried out at the TRIUMF-ISAC II rare isotope facility [8]. The neutronrich Sr isotopes were produced when a 480 MeV proton beam (with 10 μA current) bombarded a thick uranium carbide (UC x ) target. After element selective two-step resonant laser excitation and ionization of Sr with the TRIUMF laser ion source [9] the extracted beam was mass separated, charge bred, and accelerated to 5.5 AMeV using the ISAC I and II heavy-ion accelerators. Details of the beam production can be found in Refs. [7,10]. The postaccelerated beams were impinging upon ≈0.5 mg/cm 2 , CD 2 deuterated polyethylene targets (>90% deuterium/hydrogen ratio) at the center of the SHARC/TIGRESS setup. The light charged particles from elastic scattering, fusion, and transfer reactions were detected and identified by using the highly segmented silicon detector array (SHARC) [11]. SHARC provides good angular coverage (35 • < θ lab < 80 • downstream of the target) and resolution ( θ lab ≈ 1 • ), ideal for measurements of angular distributions of light-ion induced reactions. A detailed description of the configuration and performance of the array is presented in Ref. [10]. For the present work, only the laboratory forward detectors were used as the (d, t ) reaction kinematics restricts the scattering angles for the tritons to 50-60 • . The downstream section of SHARC is composed of silicon E-E detectors (thickness ≈150 μm and ≈1500 μm) covering the angular range 35 • < θ lab < 80 • in the laboratory system. The setup allowed for the identification of tritons with kinetic energy above about 8 MeV. The particle identification plot is presented in Fig. 1 of Ref. [10]. The kinematics plot for the 2 H( 95 Sr, t ) reaction is shown in Fig. 1.

The γ rays emitted from excited states in the Sr residue nuclei were detected by TIGRESS (TRIUMF-ISAC Gamma-Ray Escape Suppressed Spectrometer) [12] consisting of twelve segmented clover detectors surrounding the SHARC array. Eight (four) clover detectors were placed at 90 • (135 • ) with respect to the beam direction. The distance from the target to the front face of the detectors in the high-efficiency configuration is 11.0 cm resulting in a full-energy peak efficiency of ≈10% at a γ -ray energy of 1 MeV.

III. DATA ANALYSIS AND RESULTS

The data collected with SHARC were calibrated using a standard triple-α source ( 239 Pu -241 Am -244 Cm) as well as light ions from elastic scattering, 2 H(Sr, d ) and 1 H(Sr, p). The excitation energies of final states in the Sr transfer residues were derived from the measured energies and angles of identified tritons. The in-beam excitation energy resolution was limited to σ ≈ 270 keV due to beam energy loss in the thick target. This resolution was determined from isolated (or γ -ray gated) peaks in the excitation energy spectrum (see Fig. 6). It is almost independent of the scattering angle for the range covered in this experiment. The energy and efficiency calibrations of the TIGRESS Ge detectors were carried out using standard radioactive 152 Eu and 60 Co sources, placed at the target position. Level schemes were constructed using triton-γ (and triton-γ -γ where possible) coincidences. Gating on the excitation energy allows one to associate γ rays with excited states, while the reverse gating gives information on whether the state was directly populated or fed from above.

The differential cross sections were analyzed with finiterange distorted wave Born approximation (DWBA) calculations using the FRESCO code [13]. It is assumed that in the present 2 H( 94,95,96 Sr, t ) experiments the final states are populated in a single-step process in which a valence neutron is removed from the 94,95,96 Sr ground states. In order to determine the absolute cross section the luminosity of each experiment was determined by fitting the elastic scattering data as shown in Fig. 2 of Ref. [10]. The optical model parameters for the deuteron-nucleus potentials were also determined for the 2 H( 94,95,96 Sr, d ) data. They are given in Table II of Ref. [10].

For the triton-nucleus potential a global parametrization [14] was employed. The (d, t ) overlap function was taken from Green's function Monte Carlo calculations which give a (d, t ) spectroscopic factor of 1.30 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF]. For the Sr nuclei, the boundstate wave functions were calculated in a Woods-Saxon potential with r = 1.3 and a = 0.66. The depth of the well was adjusted to match the binding energy of the state. The 1g 9/2 , 2d 5/2 , 3s 1/2 , 1g 7/2 , and 2d 3/2 single-particle orbitals were considered in the analysis. Neutron removal from the 1g 9/2 orbital below N = 50 is, however, unlikely to contribute to the population of low-lying states in the Sr nuclei. Orbital angular momentum transfers and spectroscopic factors were obtained by comparing the experimental differential cross sections with the reaction model calculations. This analysis carries substantial systematic uncertainties in the reaction modeling, the optical model parameters, and the potential used to calculate the nucleon bound-state wave function. The normalization of the elastic scattering cross section used to determine the absolute transfer cross sections depends on the optical model parameters chosen for the deuteron-nucleus potentials. When the analysis is restricted to the most forward angles in the laboratory system, the different parametrizations result in a 3% systematic uncertainty for the absolute cross sections. The effect of the optical model parameters has been estimated by calculating the spectroscopic factors for different parametrizations taking into account the angular range of covered in the experiment. These vary by 10% for L = 0 and 13% for L = 2, respectively. Lastly, the potential used to calculate the wave functions, and in particular the radius assumed, affect the extracted spectroscopic factors. By varying the parameters of the Woods-Saxon potential within 10%, the uncertainty for the spectroscopic factors was estimated as 13% for L = 0 and 22% for L = 2 in the angular range covered by the SHARC detectors. The total systematic uncertainty related to the reaction modeling thus amounts to 17 and 26% for L = 0 and 2, respectively. The spectroscopic factors are quoted below only with the statistical uncertainty. For the absolute comparison with the shell-model calculations or other works, the systematic uncertainty has to be considered in addition.

A. 93 Sr

93 Sr was populated via the 2 H( 94 Sr, t ) reaction. The excitation energy spectrum is shown in Fig. 2. As evident from the γ -ray spectra shown in Fig. 3, the ground and excited FIG. 2. The total excitation energy (E x ) spectrum for states in 93 Sr populated in the 2 H( 94 Sr, t ) reaction. The excitation energy spectrum was fitted with three components corresponding to the observed states at 0, 213, and 1143 keV. A small contribution from 94 Y and 93 Rb appearing a negative excitation energies in the spectrum was subtracted (see text).

states at 213 and 1143 keV have been populated directly in the reaction. The excitation energy spectrum has been fitted with three Gaussian peaks. The separation between the centroids is constrained using the excitation energies and the widths are constrained in accordance with the excitation energy resolution [see Fig. 6 for the 2 H( 95 Sr, t ) reaction]. Additionally, a constant background has been added to the fit, representing background events from fusion evaporation reactions. The excitation energy E x -E γ and the γ -ray energy spectra are presented in Fig. 3.

As shown in Fig. 3 the 433 keV γ rays are in coincidence with population of the 1143 keV state. The 433 keV state has not been directly populated in the 2 H( 94 Sr, t ) reaction. While the 219 keV transition from this state to the 213 keV state cannot be resolved, the intensity of the 710 keV and 433 keV γ -ray transitions as function of the excitation energy allow extraction of the direct population of the 433 keV state. A 2σ upper limit of 4% of the population of the 1143 keV state was determined. The 213 keV state is almost exclusively populated directly, a small contribution of indirect feeding from above is observed in the γ -gated excitation energy spectrum. Note that this state is isomeric with a half-life of T 1/2 = 4.3(1) ns [START_REF] Sasanuma | [END_REF], therefore the efficiency for detecting this transition in the present experiment is much reduced, similar to the case of the decay of the 0 + 2 state in 96 Sr [7]. No evidence for the population of the 986 keV J π = (9/2 + ) state was found. In the γ -ray energy spectrum gated on negative excitation energy FIG. 6. Exclusive excitation energy (E x ) spectra for the 0 + states populated in the 2 H( 95 Sr, t ) 94 Sr reaction. The ground state was extracted from the total spectrum by removing contributions from the 837 keV state using a γ -ray gate. A linear background was estimated using the negative excitation energy region and subtracted from the spectrum. For the excited states, a gate was placed on the corresponding 0 +

x → 2 + 1 transitions and the spectrum was scaled by the respective γ -ray detection efficiency. The Gaussian fits were used to determine the excitation energy resolution. a small contribution from 93 Rb was found. This contribution has been subtracted by gating on the respective transition energies and subtracting an efficiency-scaled Gaussian from the distribution as shown in Fig. 2. This subtraction affects the relative contribution of the ground and 213 keV state to the peak. The relative population is also affected by the energy calibration, but for the spectroscopic factors (see below) only the sum of all contributions was taken into account. The observed γ rays were placed in the level scheme as presented in Fig. 13.

The limited resolution for the excitation energy and the insufficient statistics for γ -ray coincidences does not allow extraction of the angular distributions for individual states. Instead the combined angular distribution for the ground and 213 keV states was extracted. These states are rather well separated from the 1143 keV state. The data are compared to DWBA reaction model calculations assuming removal of a neutron from the 3s 1/2 , 2d 5/2 , and 1g 9/2 orbitals in Fig. 4(a).

The data are in good agreement with calculations assuming angular momentum transfer L = 2, with exclusion of pure L = 0 or L = 4 distributions with 98.71 and 99.99% probability, respectively. Using a two component fit the angular distribution shown in Fig. 4 does not allow for an additional L = 4 component, a J π = 9/2 + assignment for the 213 keV state can thus be excluded. Furthermore, the cross section for the population of the 213 keV state is rather high and population of hole states in the deeply bound 1g 9/2 orbital are not expected at low excitation energy. Fitting the angular distribution with a combination of L = 2 and L = 0 slightly improves the reduced χ 2 value. The combined fit together with the individual components is shown in Fig. 4(b). The spin and parity of the 213 keV state is thus assigned as (1/2) + , based on the present work only, while (3/2, 5/2) + can not be excluded. The spectroscopic factors extracted from the combined fit in Fig. 4(b) amount to C 2 S = 3.37(67) for the L = 2 ground state and 0.44(34) for L = 0 for the 213 keV state, where the uncertainties account for the statistical uncertainty only. The systematic uncertainty related to the contamination discussed above amounts to 10%. The fit with only the L = 2 component results in a summed spectroscopic factor of C 2 S = 4.24 (11). The spectroscopic factors are summarized in Table II. Regarding the 1143 keV state, statistics are not sufficient to conclude on the spin and parity from the angular distribution. Assuming L = 2 the spectroscopic factor for this state amounts to C 2 S = 0.65 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF].

B. 94 Sr

Low-spin states in 94 Sr were populated by the 2 H( 95 Sr, t ) reaction. In this case much higher statistics were obtained such that the level scheme was constructed using the triton-γ coincidences shown in Fig. 5 as well as γ -γ coincidences. The excitation energy (E x ) versus E γ spectrum in Fig. 5(a) shows the direct population of several states. The transitions at 1043, 1456, 2690, 3075, and 3172 keV are observed for the first time. It is evident from Fig. 5(a) that the 837, 3075, and 3172 keV transitions are direct ground-state decays. All other transitions feed the first excited 2 + state at 837 keV. This was further verified using γ -γ coincidences. 

0 + states

The ground state of 94 Sr was strongly populated in the present experiment. The angular distribution for the reactions to the ground state was extracted using two methods. First, a constrained Gaussian peak fit was employed to fit both the ground state and the 837 keV state for each angular bin. The width of the Gaussians has been fixed to σ = 270 keV. In the second method, the distribution gated on the 837 keV transition was subtracted from the combined angular distribution, after scaling for efficiency. An additional gate was placed on excitation energies E x < 1.4 MeV to exclude states that decay directly to the ground state. This excitation energy spectrum is shown in Fig. 6.

The angular distribution for the reactions to the ground state extracted using both methods is shown in Figs. 7(a) and 7(b). The differential cross sections are fitted with DWBA calculations described in Sec. III. The data extracted both ways clearly favors a calculation with angular momentum transfer L = 0. This corresponds to the removal of a 3s 1/2 neutron from the J π = 1/2 + ground state of 95 Sr. The spectroscopic factors amount to C 2 S = 0.336 (7) for the peak-fit method, and 0.314 (7) for the subtraction method. This value for the spectroscopic factor agrees very well with the one obtained for the 2 H( 94 Sr, p) 95 Sr reaction measured within the same campaign (C 2 S = 0.41(9) [10]).

The newly observed 1043 and 1456 keV transitions were found to be in coincidence with the 837 keV 2 + 1 → 0 + 1 transition. The excitation energy spectra gated on these two transitions are shown in Fig. In both cases the agreement with the L = 0 calculations is significantly better than for L = 2. This suggests that the states have spin and parity of 0 + or 1 + . The population of a 1 + state by L = 0 transfer would require seniority ν = 0 components in the ground-state wave function of 95 Sr, which results in a small spectroscopic factor. As discussed below such states are expected in the shell model at higher excitation energies. Together with the decay branching limit to the ground state, J π = 0 + is therefore assigned to both states. Spectroscopic factors extracted from the DWBA analysis amount to 0.067(4) and 0.105 (6) for the 1880 and 2293 keV states, respectively.

2 + states

The 2 + 1 state has been directly and indirectly populated in the present experiment, and thanks to the separation in the excitation energy spectrum, the angular distribution can be obtained from a γ gate or from a combined fit of the ground state and the 837 keV state similar to the case of the ground-state angular distribution. The latter is shown in Fig. 8(a). The spectroscopic factor extracted from the fit with the L = 2 DWBA calculation amounts to C 2 S = 0.725 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF].

The two states at 2614 and 2704 keV have sufficient statistics to analyze the angular distributions. They are shown in Figs. 8(b) and 8(c), respectively. The spectroscopic factors amount to 0.21(1) and 0.45(2), respectively. The states at 2270, 2921, and 3527 keV are also in agreement with L = 2, although the angular distributions are less clear. Populating these states via the removal of a d 5/2 neutron from the 1/2 + ground state of 95 Sr restricts the spin and parity to (2, 3) + . This is consistent with previous assignments [17]. The 2270 keV state directly decays to the ground state, therefore J π = 2 + is preferred.

2414 keV state

A state a 2414 keV has been previously assigned as J π = 3 -based on its strong feeding in the β decay of 94 Rb and the measured angular correlation [17]. In the present experiment the 2414 keV state has also been strongly populated. A gate on the 1577 keV transition confirms that the state is almost exclusively (>95%) directly populated in the (d, t ) reaction. Population of negative parity states is not expected as all available neutron orbitals are of positive parity. By removing a neutron from the naively fully occupied ν2d 5/2 orbital the coupling with the neutron in the 3s 1/2 orbital results in a 3 + state. The differential cross section for the transfer reaction to the 2414 keV state is shown in Fig. 8(d). It is compared to a calculation assuming removal of a 2d 5/2 neutron with L = 2 and also the hypothetical removal of a 1 f 5/2 neutron giving rise to the negative parity. While this is still consistent with the data, the much better fit of the L = 2 calculation together with the strong population supports the assignment of 3 + for this state. The spectroscopic factor amounts to C 2 S = 0.99(3).

1 + states

Two states at 3075 and 3172 keV have been observed for the first time in the present work. The former is close to a a previously observed state at 3078 keV [6], however, the main branch of the decay of the 3078 keV state is via a 1158 keV transition to the (3 -) state at 1926 keV. The two states observed in the present work decay only directly to the ground state. This indicates that their spins and parities are (1, 2) + . Comparison of the differential cross sections with the reaction model calculations shown in Fig. 9 suggests L = 0 transfer, i.e., removal of a neutron from the s 1/2 orbital.

Since the ground-state wave function of 95 Sr contains a significant contribution of components that have two neutrons in the 3s 1/2 orbital [10], such J π = 1 + states can be populated by the reaction. The spectroscopic factors resulting from the fits with L = 0 shown in Fig. 9 amount to 0.058(5) and 0.053 (5). FIG. 9. Angular distribution of tritons for the J π = 1 + candidates in 94 Sr. The L = 0 and L = 2 DWBA calculations are fitted to the data, and shown by the blue (solid) and green (dashed) lines and labeled with their respective reduced χ 2 values. Both states clearly agree better with L = 0.

Other states

While many states in 94 Sr are known, very few have definite spin and parity assignments. Population via the β decay of the 3 (-) ground state of 94 Rb limits the spin to J = (2, 3, 4) for several states [17]. The 4 + 1 state at 2146 keV has been only weakly populated directly in the present work. The transition at 2141 keV likely corresponds to the decay of the 2981 keV state to the first 2 + 1 state. The population of the (3 -) state at 1926 keV is indirect from unresolved states around 3.5 MeV. A summary of all observed transitions and their placement in the level scheme is presented in Table I.

C. 95 Sr

Several states in 95 Sr have been populated in the 2 H( 96 Sr, t ) 95 Sr reaction. The γ -ray energy spectrum is shown in Fig. 10. Four γ -ray transitions belonging to 95 Sr have been observed. It is evident that the population of the first excited state at 352 keV is mostly indirect via the 681 keV state, which decays by a 329 keV transition to this state. The excitation energy spectrum is shown in Fig. 11.

The resolution is not sufficient to separate the close-lying states. In order to determine the level scheme and the population of the states, the γ yield (corrected for efficiency and branching ratios) for bins in excitation energy has been determined. 95 Sr has a transition at 683 keV, belonging to the FIG. 10. γ -ray energy spectrum for the 2 H( 96 Sr, t ) 95 Sr reaction. A gate on excitation energies below 1800 keV has been applied. FIG. 11. Excitation energy spectrum for 95 Sr. The total γ -ray yield has been used to constrain the area of Gaussian peaks and the excitation energy spectrum has been fitted with four components and a constant background. The component representing the 352 keV state has been fixed to the upper limit obtained from the γ -ray analysis.

decay of the 1239 keV state to the isomeric state at 556 keV. Using the known branching ratio of the 681 keV and 329 keV transitions depopulating the 681 keV state [18], the yield for the 1239 keV state has been obtained. In contrast to the 2 H( 94 Sr, p) 95 Sr reaction [10], this state is not populated in the present reaction. The direct population strength of the first excited state at 352 keV is consistent with zero. The excess of 352 keV counts in Fig. 10 is likely from states above 1.5 MeV. In order to crosscheck this analysis and to obtain the ground-state population, the excitation energy spectrum has been fitted with four components corresponding to the ground, 352, 681, and 1247 keV states as well as a constant background. The number of counts in the components for the excited states is consistent with the results of a fit to the total γ -ray energy spectrum shown in Fig. 10. The result is shown in Fig. 11. This allows for the extraction of the population of the ground state and shows that the data is well described by taking into account only these four states.

The angular distribution combined for the ground and 681 keV states has been extracted similarly to the case of the 2 H( 94 Sr, t ) 93 Sr reaction. A gate on excitation energies below 1000 keV has been applied in order to limit the contribution from the 1247 keV state. The spectroscopic factor has been corrected for the fact that the 681 keV state is only partially included in the excitation energy gate. The 352 keV state has been ignored in the angular distribution fit shown in Fig. 12.

The angular distribution for the 1247 keV state has large uncertainties but is best described by L = 0, which is in agreement with the proposed total angular momentum (1/2) + [18]. The spectroscopic factors amount to 0.23 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF] for the ground state, 2.15(50) for the 681 keV state, and 0.46 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF] for the 1247 keV state assuming J π = 1/2 + for the latter.

IV. DISCUSSION

A. Structure of 93 Sr

The present data represents the first reaction study of 93 Sr. Excited states have previously been studied only by β decay FIG. 12. Angular distribution of tritons gated on both the ground and 618 keV states in 95 Sr. The data are compared to DWBA reaction model calculations assuming removal of a neutron from the 3s 1/2 orbital with L = 0 for the ground state (blue) and from the 2d 5/2 orbital with L = 2 for the 681 keV state (green). The combination of L = 0 and L = 2 best fitting the data is shown by the solid black line.

and spin and parity assignments are based on log f t values. The ground state of 93 Sr is known to be J π = 5/2 + [19]. For the 213 keV state both (9/2 + ) and (3/2 + ) assignments have been proposed, the latter is favored based on the g-factor measurement [START_REF] Sasanuma | [END_REF]. Other spin and parity assignments for 93 Sr were based on assumptions about the ground-state spin of the β decay mother 93 Rb [20,21]. The present data limits the possible values for the 213 keV state to (1/2, 3/2, 5/2) + , with a slight preference for 1/2 + based on the measured angular distribution for the ground and 213 keV states. The conversion coefficient for the 213 keV transition has been measured and points to a pure E 2 transition [22], therefore we assign J π = (1/2) + to the state at 213 keV. The 433 keV state has not been populated directly in the transfer reaction, which is expected for a 3/2 + state since the 2d 3/2 orbital is higher in energy and is expected to have a low occupancy in the ground state of 94 Sr. A state at 986 keV, which exclusively decays to the ground state was also not observed in the present experiment. The assignment is consistent with (9/2 + ) because direct population in the (d, t ) transfer reaction can only populate the (1g 9/2 ) -1 component of the wave function, and hole states in the deeply bound 1g 9/2 orbital below N = 50 are unlikely to occur at low excitation energy. This state has been assigned as a member of a rotational band built on the ground state and is interpreted as weak coupling of the 2d 5/2 neutron hole to the 2 + state of the 94 Sr core [23]. The state at 1143 keV decays to the first three states of 93 Sr and direct population in the (d, t ) reaction favors positive parity. Therefore, J π = (5/2) + is tentatively assigned to this state. The proposed spin and parity assignments for 93 Sr are shown in Fig. 13.

The proposed level ordering matches the first few states in the isotone 95 Zr. The first excited state, located at 954 keV, is a 1/2 + state and the spectroscopic factor determined from a (d, t ) reaction measurement amounts to 0.18 [24]. The spectroscopic factor extracted for the ground state in the 96 Zr(d, t ) 95 Zr reaction is 5.75, larger than the present result, C 2 S = 3.37(67). This suggests that the N = 56 subshell closure is stronger in the Zr isotopic chain than in Sr. The (1/2) + assignment for the first excited state is in agreement with the log f t values measured for the decay of 93 Rb [21] although the present interpretation differs. The log f t value of 7.9(3) is at the lower limit for known first forbidden unique transitions required for the decay of the 5/2 -ground state of 93 Rb to the (1/2) + state. A total absorption spectrometry measurement suggests an even smaller β decay branch to the 213 keV state [25] in agreement with the present interpretation. Furthermore, the angular moment sequence of 5/2 + , 1/2 + , and 3/2 + for the first three states of 93 Sr also matches with the measured conversion coefficients [22], which indicates M1 (and/or E 2) transitions for the decay of the 433 keV state to the ground and first excited state. As a consequence any state that decays to the 213 keV (1/2) + state has to have low angular momentum (1/2 ± , 3/2 ± , or 5/2 + ). This means that the weak 1566 keV transition observed in the β decay of 93 Rb and assigned to the decay of the 1780 keV state is likely misplaced as the latter was observed in the spontaneous fission of 252 Cf and assigned (11/2 -) [23].

Figure 13 compares the proposed level scheme to shellmodel calculations. The shell-model calculations have been performed using the GLEK effective interaction [26]. The model space consisted of the neutron 2d 5/2 , 3s 1/2 , 3d 3/2 , and 1g 7/2 and the proton 2p 3/2 and 2p 1/2 orbitals. The singleparticle energies of the neutron 2d 5/2 , 3s 1/2 , 3d 3/2 , and 1g 7/2 orbitals have been adjusted, the interaction and model space is the model [Fig. 13(b)] to analyze the (d, p) reactions. This gave the best overall results for 94-97 Sr [10].

The results of the shell-model calculations are shown on the right side of Fig. 13. The level ordering, energies, and relative transition strengths are in good agreement with the proposed assignment. The 9/2 + state belonging to the groundstate rotational band is predicted at higher energies. This is also reflected by the excitation energies of the 2 + states in 92,94 Sr, which are calculated 200-400 keV higher than experimentally observed. The calculated energy of the first 2 + is strongly dependent on the proton space used in the calculations [10]. The relative spectroscopic factors of the first five states are in good agreement with the calculated spectroscopic factors for the 2 H( 94 Sr, t ) reaction. The shell model predicts spectroscopic factors of 4.03 and 0.87 for the ground and 213 keV states in good agreement with the experimental result, 3.37(67) and 0.44(34), respectively. For the second 5/2 + state the shell-model calculations predict 0.26, smaller than the experimental value of 0.65 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF], however, the spin and parity assignment is not certain. The calculations also predict a rather small value for the 3/2 + 1 state, C 2 S = 0.30, which is consistent with the nonobservation of direct population.

In addition to the states shown in Table II and Fig. 13, the shell-model calculation also predicts the 3/2 

B. Structure of 94 Sr

The level scheme together with the spectroscopic factors obtained from the experimental cross sections is shown in Fig. 14.

The summed spectroscopic strength for the 3s 1/2 orbital amounts to 0.62(2) while one would naively assume that the ground state of 95 Sr has one neutron in 3s 1/2 . Taking into account the usual quenching of the spectroscopic strength by a factor of about 0.6, this means that the observable expected 3s 1/2 strength is accounted for. For the 2d 5/2 orbital the summed strength is 2.53(9) compared to the independent particle expectation of 6. There are several states for which the angular distribution and the spectroscopic factor could not be determined, the experimental value thus represents only a lower limit.

Also shown in Fig. 14 are the results of shell-model calculations. The energy of the 2 + state as well as the newly discovered 0 + states is slightly overpredicted. The 3 + state on the other hand is predicted at lower energies than experimentally observed. Overall the agreement is very good, in particular, much better than for the isotope 96 Sr [10]. Concerning the spectroscopic factors, for the ground and the 2 + 1 state the agreement is very good. The summed spectroscopic strength for the 3s 1/2 and 2d 5/2 orbitals in the calculations amount to 0.97 and 5.06 for the states shown on the right side of Fig. 14. The biggest discrepancy is observed for the 3 + state. The shell model predicts a large spectroscopic factor of C 2 S = 2.80 for this state. This can be understood in a naive independent particle model where the ground state of 95 Sr has a configuration with the ν2d 5/2 orbital fully occupied, and a single neutron in the 3s 1/2 orbital, (2d 5/2 ) 6 (3s 1/2 ) 1 . The removal of a 2d 5/2 neutron results in (2d 5/2 ) 5 (3s 1/2 ) 1 coupled to J = 2 or 3. The experimental strength for the 3 + state is only about one-third of the calculated one. It can not be excluded that this strength of the 2d 5/2 orbital is split over several states, which could not be identified experimentally. This state was initially assigned as 3 -, based on angular correlation measurements, which suggest a 3 → 2 → 0 cascade decay, and limit the quadrupole components for the 3 → 2 + 1 decay to less than 0.1% L = 2. Assuming a pure M1 transition for this decay, the measured lifetime, τ = 5.7(23) ps [27], corresponds to B(M1) = 2.5(10) × 10 -3 μ 2 N , compatible but smaller than the shell model result of B(M1) = 0.070 μ 2 N . The systematics of the 0 + states along the Sr isotopes is shown in Fig. 15.

The newly discovered states at 1880 and 2293 keV fit well into this systematics and complete it up to N = 60. The excited 0 + states smoothly come down in energy until 94 Sr. In 96 Sr a drop by about 600 keV is observed. A similar behavior is seen is the Zr isotopes where at N = 56 the energies of the 0 + states have a local maximum. This, and the local maximum seen in the energies of the 2 + states for both Sr and Zr is an indication of the N = 56 subshell closure.

The shell-model calculations predict only one excited 0 + state with substantial spectroscopic strength, while experimentally the strength is about equally shared between the state FIG. 15. Energy systematics of the 0 + states in even-mass Sr isotopes. Levels drawn with dashed lines are tentative assignments [17,[28][29][30][31][32][33]. The newly observed 0 + states 94 Sr from the present experiment are marked with an asterisk. at 1880 and 2293 keV. This resembles the situation in 96 Sr where the two excited 0 + states share a significant amount of spectroscopic strength and are strongly mixed. Using the same approach as was discussed for 96 Sr the mixing of the two excited 0 + states can be extracted as a 2 = 1/(1 + R) with the ratio of spectroscopic factors R = 1.55 (14). The mixing amplitude derived from the experimental results is a 2 = 0.39(2). This means that the two excited states result from the strong mixing of almost degenerate states (2042 and 2131 keV) with a mixing matrix element of V = 202(2) keV. The mixing of the excited 0 + states in 94 Sr is thus very similar to the one in 96 Sr. 98 Sr at N = 60, however, behaves completely different with very weak mixing (between the ground state and first excited 0 + state). Returning to the evolution of the 0 + states in the Sr isotopic chain as shown in Fig. 15, it is clear that the ground-state shape transition at N = 60 is accompanied by a clear structural change of the 0 + states. In the lighter strontium isotopes the two excited 0 + states strongly mix among each other, but not with the ground state, while at N = 60 one of the excited 0 + states drop in energy, becomes the ground state, and a rather pure, strongly deformed state. It would be interesting to further investigate the structure of the 0 + states in 98 Sr by one-neutron transfer reactions as in the present study, however, this is complicated by the highly complex structure of the 97 Sr ground state [10,19].

C. 95 Sr

The level structure of 95 Sr is well reproduced by the shellmodel calculations. The level scheme is shown in Fig. 16. The 3/2 + state is not or only very weakly directly populated in the present experiment; this is in agreement with the shell-model prediction that in the ground state of 96 Sr the 2d 3/2 orbital occupation is small.

While the agreement with the shell model points to the fact that 95 Sr is still dominated by spherical configurations, the spectroscopic factors are not expected to agree. For the inverse reaction 2 H( 95 Sr, p) 96 Sr a small spectroscopic factor of 0.19(3) was determined for the ground-state transfer reaction [10]. The present result of 0.23 [START_REF] Brida | Green's function Monte Carlo results for one-nucleon overlaps[END_REF] is in agreement with that. In contrast the shell model predicts a spectroscopic factor of 1.57 for the ground state of 95 Sr. This shows that the ground state of 96 Sr has only little overlap with the ground state of 95 Sr, indicating that the transition towards strongly deformed ground-state configurations at 98 Sr (and potentially already 97 Sr) is more complex then predicted. For the 352, and 681 keV states in 95 Sr the shell-model calculations predict spectroscopic factors of 0.38, and 4.80. While these numbers are in qualitative agreement with the observation, the interpretation is not straightforward as the 96 Sr ground state does not resemble the shell-model predictions.

V. SUMMARY

The 2 H( 94,95,96 Sr, t ) reactions have been studied to examine the single-particle structure of the 93-95 Sr isotopes toward the N = 60 shape transition. The spin and parity assignments for excited states in 93 Sr have been revised. The revised level scheme is in good agreement with shell-model calculations. Two excited 0 + states in 94 Sr have been observed for the first time. The similar population strength suggests strong mixing between the two 0 + states, resembling the situation in 96 Sr. Further studies, such as low-energy Coulomb excitation, could provide additional support for this interpretation. For other states, except the 3 + state in 94 Sr, good agreement with the shell model for excitation energies and spectroscopic factors is observed indicating that the structure of low-lying states in 95 Sr is not yet affected by the shape transition at N = 60. The 2 H( 96 Sr, t ) 95 Sr reaction is not well suited to determine the nature of states in 95 Sr as the ground-state configuration of 96 Sr deviates significantly from the shellmodel prediction. The large overlap of the 5/2 + state in 95 Sr with the projectile ground state indicates a similar structure and suggests that this state is slightly oblate deformed. The deformation and nature of states in 95 Sr could be further explored by low-energy Coulomb excitation as well as lifetime measurements. Lastly, it should be mentioned that the development of shell-model calculations in much larger model spaces than the ones discussed here could provide more insights in the nature of the shape transition at N = 60.

FIG. 1 .

 1 FIG. 1. Kinematics plot for the 2 H( 95 Sr, t ) transfer reaction (only identified tritons are shown). The transfer to states at excitation energies at 0, 2, 4, 6 MeV are denoted by the dashed lines.

FIG. 3 .FIG. 4 .

 34 FIG. 3. (a) Excitation energy (E x ) versus E γ spectrum obtained from the 2 H( 94 Sr, t ) reaction. (b) corresponds to the γ -ray energy spectrum.

FIG. 5 .

 5 FIG. 5. (a) Excitation energy (E x ) versus E γ spectrum for 94 Sr populated via the 2 H( 95 Sr, t ) reaction. The dashed lines indicate the location of direct ground-state decays and decays to the first excited 2 + state at 837 keV. (b) corresponds to the γ -ray spectrum. The newly observed transitions are marked with asterisks.

FIG. 7 .

 7 FIG. 7. Angular distribution of tritons for L = 0 transfer reactions to final states in 94 Sr. (a) and (b) show the results of the two methods to extract the ground-state distribution. The newly discovered 0 + states are shown in (c) and (d). The L = 0 and L = 2 DWBA calculations are fitted to the data, and are shown by the blue (solid) and green (dashed) lines and labeled with their respective reduced χ 2 values.

FIG. 8 .

 8 FIG. 8. Angular distribution of tritons for L = 2 transfer reactions to final states in 94 Sr. (a) shows the 837 keV 2 + state angular distribution extracted with the peak-fit method. (b) and (c) show states that were previously discussed as candidates for 2 + states. (d) The 2414 keV state was previously assigned tentatively as 3 -, which is in clear contradiction to the present result, which is consistent only with L = 2. The L = 0, L = 2, and L = 3 DWBA calculations fitted to the data are shown by the blue, green, and red lines and labeled with their respective reduced χ 2 values.

FIG. 13 .

 13 FIG.13. Proposed level scheme of93 Sr. The left side shows the experimental levels with energies in keV and the spin and parity assignments from this work. The widths of the arrows are proportional to the relative intensity of the observed γ -ray transition. Dashed levels and transitions have not been observed in the present work. The right side shows the result of shell-model calculations.Here the widths of the arrows indicate the branching ratios. A 3/2 + state at 695 keV cannot be associated with any of the low-lying experimental states.

FIG. 14 .

 14 FIG.14. Level scheme of94 Sr. The left side shows the experimental levels with energies in keV and the spin and parity assignments from this work. The thick lines indicate the magnitude of the experimental spectroscopic factors and the color the orbitals. The right side shows the result of shell-model calculations.

FIG. 16 .

 16 FIG.[START_REF] Sasanuma | [END_REF]. Proposed level scheme of95 Sr. The left side shows the experimental levels with energies in keV and the spin and parity assignments from this work. The widths of the arrows are proportional to the relative intensity of the observed γ -ray transition. Dashed levels and transitions have not been observed in the present work. The right side shows the result of shell-model calculations.Here the widths of the arrows indicate the branching ratios.

TABLE I .

 I Summary of observed levels, transitions, and relative intensities for the 2 H( 95 Sr, t ) 94 Sr. The transition and level energies with their uncertainties are obtained from the present work, they agree within the uncertainties with the results obtained in β decay[6]. The spin and parity assignments are from the present work.

	E γ (keV)	I (%)	assignment		E i (keV)
	836.7(3) 1043.0(5) 1089.5(6) 1308.8(9) 2270.4(19) 1456.1(5) 1577.4(4) 1777.1(6) 1867.4(4) 2084.3(17) 2094.1(20) 2140.9(28) 3075.0(21) 3171.7(16) 2690.3(21)	57.0 2.4 1.8 2.4 0.4 3.7 15.0 3.3 6.7 0.9 0.4 0.6 2.5 1.7 1.3	2 + 1 0 + 2 (3 -1 ) 4 + 1 (2) + 0 + 3 3 + 1 (2, 3) + (2) + (2, 3) + (2,3,4) (2,3,4) 1 + 1 + (2, 3) +	→ → → → → → → → → → → → → → →	0 + 1 2 + 1 2 + 1 2 + 1 0 + 1 2 + 1 2 + 1 2 + 1 2 + 1 2 + 1 2 + 1 2 + 1 0 + 1 0 + 1 2 + 1	836.7(5) 1879.7(6) a 1926.2(7) 2145.5(9) 2270.4(19) 2292.8(6) a 2414.1(5) 2613.8(7) 2704.1(5) 2921.0(17) 2930.8(20) 2977.6(28) b 3075.0(21) a 3171.7(16) a 3527.0(21) a

a Observed for the first time in the present work. b Likely corresponds to the transition at 2144.2(2) from the 2981.1(5) keV state observed in the β decay of 94 Rb

[6]

.

TABLE II .

 II Experimental and shell-model spectroscopic factors for the 2 H( 94,95,96 Sr, t ) reactions. The uncertainties in the spectroscopic factors are statistical ones only. Additional reaction model uncertainties as discussed in Sec. III must be considered for absolute comparisons. For the odd-N isotopes the ordering of the lowest predicted states are in good agreements with the experimental level schemes. For 94 Sr the shell-model states are associated with their most probable experimental counter part. States with very low spectroscopic factors have been omitted in this table for clarity.

		experiment			shell model	
	J π	E (keV)	C 2 S	J π	E (keV)	C 2 S
			2 H( 94 Sr, t ) 93 Sr		
	5/2 +a	0	3.37(67)	5/2 +	0	4.03
	(1/2 + )	213	0.44(34)	1/2 +	196	0.87
	(3/2 + )	433		3/2 +	532	0.30
	(5/2 + )	1143	0.65(15) b	5/2 +	924	0.26
			2 H( 95 Sr, t ) 94 Sr		
	0 +	0	0.336(7)	0 +	0	0.45
	2 +	837	0.725(25)	2 +	1279	1.14
	0 +	1880	0.067(4)	0 +	2315	0.35
	4 +	2146		4 +	2474	0
	0 +	2293	0.105(6)	0 +	2441	0.03
	3 +	2414	0.99(3)	3 +	1989	2.80
	(2, 3) +	2614	0.21(1)	2 +	2456	0.86
	(2) +	2704	0.45(2)	3 +	2600	0.12
	(2, 3) +	2921	0.07(1)	2 +	3525	0.13
	1 +	3075	0.058(5)	1 +	2811	0.00
	1 +	3172	0.053(5)	1 +	3231	0.11
	(2, 3) +	3527	0.079(8)	2 +	3525	0.13
			2 H( 96 Sr, t ) 95 Sr		
	1/2 +a	0	0.23(15)	1/2 +	0	1.57
	3/2 +	352		3/2 +	412	0.39
	5/2 +	681	2.15(50)	5/2 +	585	4.80
	(1/2 + )	1247	0.46(15) c	1/2 +	1833	0.20
	ground state have not been observed. The upper limit for
	the nonobservation of 1880 keV (2993 keV) γ rays rela-
	tive to the 1043 keV (1456 keV) transition amount to 2%
	(1%). The extraction of an upper limit for the ground-state
	decay of the 1880 keV transition is complicated by the
	nearby 1867 keV transition. The angular distributions of
	tritons following the population of the 1880 and 2293 keV
	states are shown in Figs. 7(c) and 7(d).		

a From Ref.

[19]

. b Assuming J π = 5/2 + . c Assuming J π = 1/2 + .
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