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First lifetime investigations of N > 82 iodine isotopes: The quest for collectivity

We report on spectroscopic information and lifetime measurements in the neutron-rich 135,137,139 I isotopes. This is the first lifetime data on iodine isotopes beyond N = 82. Excited states were populated in fast neutroninduced fission of 238 U at the ALTO facility of IJCLab with the LICORNE neutron source and detected using the hybrid ν-ball spectrometer. The level schemes of the 135,137,139 I isotopes are revised in terms of excited states with up to maximum spin-parity of (33/2 + ), populated for the first time in fast neutron-induced fission. We provide first results on the lifetimes of the (9/2 + 1 ) and (13/2 + 1 ) states in 137 I and 139 I, and the (17/2 + 1 ) state in 137 I. In addition, we give upper lifetime limits for the (11/2 + 1 ) states in 135-139 I, the (15/2 + 1 ) state in 137 I, the (17/2 + 1 ) state in 139 I, and reexamine the (29/2 + 1 ) state in 137 I. The isomeric data in 135 I are reinvestigated, such as the previously known (15/2 + 1 ) and (23/2 - 1 ) isomers with T 1/2 of 1.64( 14) and 4.6 (7) ns, respectively, as obtained in this work. The new spectroscopic information is compared to that from spontaneous or thermal-neutron induced fission and discussed in the context of large scale shell-model (LSSM) calculations for the region beyond 132 Sn, indicating the behavior of collectivity for the three valence-proton iodine chain with N = 82, 84, 86. DOI: 10.1103/PhysRevC.104.014316

I. INTRODUCTION AND MOTIVATION

The study of nuclei with few valence particles outside the doubly magic 132 Sn core provides important information on two-body matrix elements to test realistic interactions employed in nuclear shell-model calculations. The development of collectivity outside the 132 Sn core is of current interest [1][2][3][4][5][6][7][8][9] and experimental findings provide a valuable input for state-of-the-art nuclear theories. The high degree of regularity in excitation energies along isotonic chains for nuclei "northeast" of 132 Sn project the overall behavior in that region. However, such experimental information is insufficient for understanding their nuclear structure and the development of collectivity. Thus, more experimental data are required from studying individual nuclei. The Z = 53 iodine isotopes have three valence protons outside the doubly magic core. The study of odd-Z nuclei, in particular of the iodine isotopes, reveals key information on the proton-neutron interaction and their associated coupling schemes far off the valley of stability. The three valence protons acting as a cluster [10] has been suggested to describe some of the features in the iodine isotopes [11,12]. It was expected that such three-proton configurations would result in a more complex level structure in the odd-odd iodine isotopes, with such an effect also in their odd-even neighbors; however, their particular role has not been identified so far [7,13,14].

Above Z = 50, the evolution of the low-lying proton π (1d 5/2 ) and π (0g 7/2 ) orbitals as a function of neutron number, N, is of particular interest. An indication for the inversion of those orbitals was observed in a long-lived (6 -) isomer in the 140 Sb nucleus [15]. In the odd-odd 136,138 I isotopes longlived isomers [13,16,17] were suggested to result from the drastic lowering in the position of the π (1d 5/2 ) orbital [13,18]. Recent results on 136 I, studied in various reactions, identify a relatively large energy spacing between the two proton orbitals that decreases systematically with increasing N [7].

For the semimagic 135 I nucleus, numerous measurements on excited states were performed in Refs. [19,20] and references therein. The 137 I isotope was examined via β decay of 137 Te [21] and spontaneous fission of 248 Cm [22] and 252 Cf [23]. The study of yrast states in 137 I, populated in spontaneous fission of 248 Cm, revealed the presence of both π (0g 3 7/2 ) and π (0g 7/2 1d 5/2 ) proton couplings [22]. Further investigations [23] have shown a strong correlation between the low-lying yrast states in the odd-Z N = 84 isotones and the excitation energy E x (2 + 1 ) in the respective even-Z isotones. For the 139 I nucleus, the only information on yrast states was measured in a spontaneous fission experiment [14], reporting on a similar excitation scheme as its A -2 neighbor [24,25]. Recently, excited states in 139 I were also populated in the β-delayed neutron decay of 140 Te [26].

While these neutron-rich iodine nuclei have been studied extensively, lifetime information on the exotic ones has only been reported for 135 I having N = 82 [20]. In the measurement of this three-valence proton nucleus 135 I, seniority relations were tested and the inferred B(E 2; 15/2 + → 11/2 + ) transition strength was described in a single orbit π (0g 3 7/2 ) approximation [20]. With the advent and development of large hybrid arrays employing high-purity germanium (HPGe) detectors and LaBr 3 (Ce) scintillators, the well established fast-timing technique can be applied to measure lifetimes of low-lying excited states [27,28] and to largely extend such investigations.

It can be expected that, with the increase of N and the increase of valence nucleons, the collective excitations dominate over the single-particle modes, thus resulting in lifetimes of low-lying yrast states in the ns/sub-ns range. This is in the range of the fast electronic timing technique. From the lifetime information reduced transition probabilities can be extracted, giving valuable insights into the development of collectivity and its interplay with the single-particle excitation nature of states outside the 132 Sn core.

This work focuses on the population of neutron-rich iodine isotopes in fast neutron-induced fission of 238 U and reports for the first time on lifetime measurements of low-lying excited states in iodine nuclei with N > 82. Starting from 135 I, as a test case with a known isomer, the lifetime information is extended to the 137,139 I isotopes. The study of fission fragments and the population of intermediate and high-spin states is also of great importance for future reactor generations, while knowledge of prompt γ -ray emission in fission fragments is related to the heating problem in nuclear energy applications [29,30].

II. EXPERIMENT AND ANALYSIS

The 135,137,139 I nuclei were produced in fast neutroninduced fission of 238 U as part of the ν-ball fission campaign. A schematic description of the setup is shown in Fig. 1(a). The LICORNE neutron source was used to produce fast neutrons via the p( 7 Li, 7 Be)n reaction [31]. The primary 7 Li beam provided by the Tandem accelerator of the ALTO facility was pulsed with a repetition time of 400 ns and a width of σ ∼ 0.85 ns. This allowed the reconstruction of prompt-delayed coincidence events and time-reference measurements with respect to the beam. The average neutron energy was chosen according to the fission cross section to be ≈1.7 MeV and the neutrons were kinematically guided onto a thick 238 U target to induce fission. The target was composed of five disks of uranium arranged in an 8 cm long cylindrical aluminum casing with a total mass of 81 g. This shape was chosen to minimize self-absorption of low-energetic γ rays. The target was located in the middle of the array as shown in Fig. 1(a).

The γ rays from fission fragments were detected with the hybrid ν-ball spectrometer [33]. The array consisted of highpurity germanium (HPGe) and LaBr 3 (Ce) detectors placed in four rings [R1 to R4 in Fig. 1(a)] around the target. The 7 Li(p, n) 7 Be reaction and are focused on the 238 U target to induce fission. The γ rays are detected by the ν-ball array consisting of 20 LaBr 3 (Ce) detectors (ring 1), 24 HPGe Clover detectors (rings 2 and 3), and ten HPGe Phase-I detectors (ring 4). Adapted from Ref. [32]. (b) HPGe (red) and LaBr 3 (Ce) (blue) efficiency curves. The data points were obtained using a 152 Eu source and corrected for self-absorption effects. For details see text.

first ring (R1) was composed of ten 1.5 in. × 2 in. cylindrical and ten 1 in. × 1.5 in. × 2 in. conical LaBr 3 (Ce) scintillators. Each of the second and third rings (R2, R3) consisted of 12 HPGe clover type detectors. The ball had an additional ring (R4) of ten coaxial phase-I HPGe detectors. All HPGe detectors were equipped with bismuth germanate (BGO) shields to reduce background from Compton scattering. The typical energy resolution for the summed-up spectra from the HPGe detectors was measured to be about 2.5 keV at 1.3 MeV, whereas for the clover and the phase-I detectors these resolutions are of the order of 1.8 keV and 2.9 keV, respectively [28,33]. The time resolution for the HPGe and LaBr 3 (Ce) detectors measured with a 60 Co source was about 13 ns and ∼200 ps, respectively [33]. The γ -ray detection efficiency could be deduced from a 152 Eu source measurement which is corrected for self absorption due to the target geometry using the GEANT4 simulation toolkit [34]. The use of a thick actinide target resulted in a drop of the γ -ray efficiency for energies around 300 keV or below. For higher energies, e.g., 1.3 MeV, the efficiency amounts to about 4.1(2)% for HPGe and 0.7(1)% for LaBr 3 (Ce) detectors [28]. These efficiency curves are shown in Fig. 1(b).

The data were recorded in a triggerless mode using the digital acquisition system FASTER [35] which is able to handle a large number of channels and detector types at the same time. Two different types of digitizers were used: 125 MHz, 14bit analog-to-digital converters (ADCs) for HPGe and BGO detectors and 500 MHz, 12-bit charge-to-digital converters (QDCs) for LaBr 3 (Ce) scintillators [33]. The average rates of the HPGe detectors were in the order of 5-7 kHz. Energy and time information of all detectors was recorded, allowing for detailed calorimetry studies and full event multiplicity reconstruction (see, for example, Refs. [33,[START_REF] Häfner | and the N-SI-109[END_REF]). Over the course of 216 h measurement time, approximately 12.5 TB of raw data were acquired. After energy calibration, time alignment and gain matching on all detectors, fission events were reconstructed based on different multiplicity conditions. First, a coarse trigger condition was applied based on either two HPGe modules (after Compton suppression and addback) firing within one beam pulsation (400 ns) or two LaBr 3 (Ce) detectors firing around the prompt width (15 ns) of the beam pulse. This was done to suppress low-multiplicity events such as inelastic scattering of the 7 Li primary beam or neutrons. Additional background was generated by reactions of the primary beam with lead beam stopper [as shown in Fig. 1

(a)].

A HPGe singles spectrum is shown in Fig. 2, where some of these contaminants are marked together with transitions from well-populated fission fragments ( 140 Xe and 134 Te) and isotopes of interest ( 135,137 I). Further constraints based on the total modular multiplicity M [HPGe module and LaBr 3 (Ce) together] can be used to improve the peak-to-total ratio of the γ rays from the fission fragments of interest. This is visualized in the inset of Fig. 2 different total multiplicity conditions, where, e.g., M 3 is the minimum required for our type of analysis. As can be seen in this figure, the background level is significantly reduced by selecting higher multiplicity. Therefore, when needed, these multiplicity conditions are used to appropriately select the transitions of interest with respect to the background. Overall, a lower multiplicity condition of M 5 was proven to be useful in enhancing γ rays from fission fragments and was also used in Ref. [32].

The time information is extracted in various ways, depending on the lifetime range of the excited state of interest. The HPGe time information with respect to the beam timing is used for measurements of lifetimes τ 5 ns, limited by the time resolution of the HPGe detectors. For lifetimes around 1 ns, the LaBr 3 (Ce) beam timing information is used. The LaBr 3 (Ce) time resolution, superior by more than an order of magnitude, does not contribute significantly to the width of the time profile. For lifetimes of τ <1 ns, the LaBr 3 (Ce)-LaBr 3 (Ce) time difference ( T ) is measured, and has a prompt width of σ ∼ 0.3-0.6 ns depending on the energy range. HPGe-LaBr 3 (Ce)-LaBr 3 (Ce) cubes are created based on two LaBr 3 (Ce) hits within the 15 ns prompt width in coincidence with a HPGe module. The time differences are constructed after selecting the nuclei of interest with one or two clean background-subtracted HPGe gates. Then, the data are sorted into symmetric E γ -E γ -T cubes. Time difference measurements of decaying and feeding transitions result in the delayed time distribution, denoted as T (E decay , E feeder ). Whenever applicable, the time distributions are fitted with a convolution of a prompt Gaussian and an exponential decay. The knowledge of the prompt distribution as a function of energy is crucial for this technique and is investigated through known prompt transitions (see Fig. 1 of Ref. [28]). The resulting error of the lifetimes includes contributions from varying the fit region, the background component and the prompt width. These systematic components of the fit are carefully investigated by measuring previously known lifetimes. Thus, the main uncertainty in the results originates from statistical fluctuations, which for very exotic nuclei with low statistics may be significant.

III. RESULTS

A. Population of 135,137,139 I According to Ref. [37], the estimated fission yields for the isotopes of interest are ∼1.5 % for 135 I, ∼3.3 % for 137 I and ∼2.4 % for 139 I. As the previously known (5/2 + ) → (7/2 + ) ground state transitions in the 137,139 I isotopes are not observed in this work, their contribution is assumed to be negligible. The following relative yields are obtained: Y ( 137 I / 135 I) = 4.0 (11) and Y ( 137 I / 139 I) = 1.5 (8). While the latter ratio compares well the estimated yields for A = 137 and 139, the 135 I nucleus seems to be produced about a factor of 2 less with a yield of about 0.9(2) %. One may also note here the comparability in terms of U fission yields to the evaluated data on Cm for the mass range A = 130-140 [START_REF] Katakura | JAEA-Data/Code[END_REF][START_REF] Katakura | [END_REF].

From the measured γ -ray transitions in this work, the level schemes in Fig. 3 were obtained. Details on these transitions and the populated states can also be seen in Table I. The γ -ray intensities are normalized to the strongest transitions, namely 1134 keV (11/2 + ) → 7/2 + in 135 I, 554 keV (9/2 + ) → (7/2 + ) in 137 I, and 419 keV (9/2 + ) → (7/2 + ) in the 139 I isotope.

To determine the intensity ratio of the parallel ground state transitions in the 137,139 I isotopes, various gates from the 39 Y binary fission partners are used. For the strongest isotope, 137 I, spins up to J = 33/2 and an excitation energy of about 3.9 MeV could be populated. An excitation energy of up to [19,24,25]. Intensities are normalized to the strongest transitions and corrected for efficiency. Literature values are taken from spontaneous 248 Cm fission data from Refs. [14,22,41]. 4.2 MeV is detected for the 135 I nucleus and a maximum spin of J = 23/2. For 139 I, only some of the previously known transitions are detected, corresponding to a maximum spin of J = 31/2. Despite detection limitations such as low statistics and relatively high background in the γ -ray spectra, the population in fast neutron-induced fission provides valuable input on the population of angular momentum and excitation energy of fission fragments that may be exploited in future studies [40].
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Figure 4 shows HPGe energy projections, gated on transitions in the 137 I and 139 I isotopes. The identification of the nuclei is possible despite the standard contaminations from (n, n γ ) reactions or the primary beam. In particular, the 358-400-554 keV cascade in 137 I and the 397-419 keV cascade in 300 350 400 450 500 550 600 650 700 0 0.5 139 I are well identified. Furthermore, the heights of the peaks are comparable to the relative population of both isotopes as pointed out above.

The experimental values for relative γ -ray intensities are compared to data from previous 248 Cm spontaneous fission experiments in Table I. An overall consistency in the intensity pattern is observed, despite some deviations of more than 3σ , which may be attributed to the different reaction mechanisms. For 135 I there are two major differences. First, the intensity of the 572 keV (17/2 + ) → (15/2 + ) transition is larger by about a factor of 2 in our data. A similar observation is made in our study of even-even Te (Z = 52) isotopes, populated in the same reaction, where the 6 + → 4 + 1 transition is observed with about twice higher intensity compared to the spontaneous fission data [28]. The second main difference is the significantly stronger detection of the 928 and 1000 keV γ rays, side-feeding the (15/2 + ) state of the ground-state (g.s.) band from non-yrast states. Both observations are linked to the differences in analysis and trigger conditions while being relevant for the mechanisms of angular momentum generation in fission [40]. Likewise, the 500 keV (19/2 + ) → (15/2 + ) transition in 137 I is about a factor 3 stronger in these data. It may be interesting to note that also several other intensities in 137 I are not consistent with the 248 Cm data, for example for the transitions connecting the (29/2 + ), (25/2 + ), (21/2 + ), and (19/2 + ) states. For the 139 I isotope the intensities are more comparable with the earlier data [14] with the exception of the intensities of the lowest-lying ground state transitions deexciting the (11/2 + ) and (9/2 + ) states. Here, the (9/2 + ) → (7/2 + ) transition is observed with the highest intensity, whereas the (11/2 + ) → (9/2 + ) transition is the strongest one reported in Ref. [14].

Furthermore, when examining the intensity pattern in 137 I, it has to be noted that some of the interband transitions are much stronger than those in the band. In particular, the 296 keV (19/2 + ) → (17/2 + ) transition is rather strongly seen with 31(9)% intensity, while the (19/2 + ) state is fed only by 18(5)% intensity, both relative to the strongest 553.8 keV (9/2 + ) → (7/2 + ) transition assumed as 100% intensity (see Table I). On the other hand, the (15/2 + ) state is weakly fed (<10 %) and decays quite strongly to the lower-lying (11/2 + ) state. This might be an indicator for some unobserved sidefeeding. With the current level of statistics it is not possible to further investigate this possible feeding; however, it would be relevant for future studies of this nucleus.

B. Remeasurement of the (15/2 + ) state lifetime in 135 I

The lifetime, τ , of the (15/2 + ) state was previously measured to be 2510(120) ps [20]. Being in the appropriate range for the LaBr 3 (Ce)-beam timing method, explained in Sec. II, it is used as a test case. Figure 5(a) shows the energy spectrum after applying a gate on the (11/2 + ) → 7/2 + transition in 135 I. The spectrum is enlarged around the 288 keV (15/2 + ) → (11/2 + ) transition which is visible in the spectra from both the HPGe and the LaBr 3 (Ce) detectors. As the lifetime of the (11/2 + ) state is much smaller than the one of the (15/2 + ) state, both 1134 and 288 keV time distribution can be added for the measurement of the (15/2 + ) state. This background-subtracted summed time distribution in the LaBr 3 (Ce) detectors is shown in Fig. 5(b). According to the description in Sec. II, a fit value of τ = 2340(115) ps is obtained. Note that we do not detect the 1696 keV transition in the LaBr 3 (Ce) detectors due to the narrow time window used for building the LaBr 3 (Ce) events. Thus, the contribution of the higher-lying isomer (see Sec. III D) deduced from the intensities registered in the HPGe detectors is estimated to be below 27(6)%. The fit presented in Fig. 5(b) extends only to about 50 ns to avoid contributions from time-delayed inelastic neutron scattering, that occur 10-15 ns after the prompt γ rays. The shaded areas in Fig. 5(b) represent the uncertainty of the fit parameters and the variation of fit regions. Within the uncertainty the result is consistent with the previous measurement. In Ref. [20], the result was obtained as a weighted In the following, we demonstrate the lifetime measurements performed for the (9/2 + ) states in the 137,139 I isotopes. As explained in Sec. II, the LaBr 3 (Ce)-LaBr 3 (Ce) time difference is applicable for sub-ns lifetimes as expected for these first-excited states. For the 137 I nucleus, the lifetime of the (9/2 + ) state can thus be obtained by measuring the time difference between the 554 keV (9/2 + ) → (7/2 + ) and the 400 keV (13/2 + ) → (9/2 + ) transition, i.e., T (554, 400). To tag the nucleus and the cascade of interest, a HPGe gate on 358 or 725 keV above the (13/2 + ) state is used. Afterwards, a LaBr 3 (Ce) gate on the decaying 554 keV transition is applied. Due to the low statistics, wide ≈20 keV LaBr 3 (Ce) gates were used. The spectra were investigated with the better energy resolution of the HPGe detectors for any kind of background or contaminants. Thus, the selection is chosen appropriately to contain clean γ rays of interest.

The resulting energy projection is shown in Fig. 6(a) for LaBr 3 (Ce) (blue) and HPGe (red) detectors. The LaBr 3 (Ce) spectrum is generated from HPGe-LaBr 3 (Ce)-LaBr 3 (Ce) triple coincidences and the HPGe spectrum from HPGe-LaBr 3 (Ce)-HPGe events. The 400 keV feeding transition is clearly visible in both spectra [in Fig. 6(a)] as a result of the applied gates. A relatively high peak-to-background of around 3.0(3) is obtained for this peak. In a last step, a second LaBr 3 (Ce) gate is applied on the feeding transition to generate the time difference spectrum shown in Fig. 6(c). The gate includes a background subtraction of regions around the peak of interest. Due to the low statistics, this may result in statistical fluctuations and over subtraction of individual bins; e.g., see Fig. 6(c). These fluctuations are considered by applying a full minimization procedure when determining the lifetime result. The time distribution is fitted with a convolution of a prompt Gaussian and an exponential decay plus a constant background, where the range of the prompt width is in accordance with the investigation of prompt transitions at these energies, discussed in Sec. II. The lifetime result of τ = 390(70) ps obtained in such analysis shows a typical example where the dominant error contribution comes from the variation of the prompt width rather than statistical fluctuations.

To measure the lifetime of the (9/2 + ) state in the 139 I isotope, the time difference between the 419 keV (9/2 + ) → (7/2 + ) decaying transition and the 397 keV (13/2 + ) → (9/2 + ) feeding transition is considered. To tag the nucleus of interest, 139 I, a HPGe gate on the 464 keV (17/2 + ) → (13/2 + ) transition is used. Then, a LaBr 3 (Ce) gate on 397 keV is applied, resulting in the spectra of Fig. 6(b). Despite the higher background level as compared to the 137 I case and the reduced statistics due to the lower population of 139 I, a clear identification of the 419 keV transition decaying out the (9/2 + ) state is possible. With a peak-to-background ratio of 1.7(3) it is about a factor of 2 lower than for the less exotic 137 I. The time difference spectrum after applying the additional 419 keV gate is presented in Fig. 6(d). The different slope on the right side of the distribution when compared to 137 I already indicates a shorter lifetime of the state in 139 I. This is confirmed by the result of the applied convolution fit, emerging in a value of τ = 130(50) ps. As expected because of the lower population, the statistical uncertainty is larger compared to 137 I and dominates the lifetime result in 139 I. The results are listed in Table II.

D. Summary of lifetime results

In addition to the (9/2 + ) states, the lifetimes of the (13/2 + ) and (17/2 + ) states in the 137,139 I isotopes are measured in the same way as described in Sec. III C. Time difference spectra are shown in Fig. 7. A particular case is the lifetime of the (13/2 + ) state in 137 I. It has a strong feeding transition of 358 keV and two decaying transitions of 400 and 334 keV that are both reasonably strong (with relative intensities of I γ = 82% and 15%, respectively). This provides the possibility to measure two lifetimes independently from the same data. We note that while the 400 keV transition is of E 2 type, the 334 keV transition is of (M1 + E 2) type with a small E 2 mixing (δ = +0.08) as taken from Ref. [24]. The T (400, 358) and the T (334, 358) time distributions are depicted in Figs. 7(a -50 ps may be adopted. However, we list both results and their respective transition rates in Table II. We also note that this is the only case where both (decaying) transitions are given separately for comparison, while for the other states listed in the table the transition rates represent the lifetime result of the strongest transition.

For the (17/2 + ) state in 137 I, the lifetime is measured via the T (358, 725) time difference. The time distribution is shown in Fig. 7(c) and, from the fit, a lifetime of 150 (50) ps is obtained (see Table II). Despite the lower population of this state, compared to the (13/2 + ) state, the uncertainty in the result is better due to lower statistical fluctuations at the measured energies.

For the 139 I nucleus, the measured time differences for the (13/2 + ) and the (17/2 + ) states are the T (397, 464) and the T (464, 481) spectra, respectively. Figure 7(d) shows the time distribution used for the lifetime determination of the (13/2 + ) state. From the fits, a lifetime value of 120(60) ps is deduced and can be found in the last section of Table II. In the case of the (17/2 + ) state in the 139 I isotope, only an upper limit of 70 ps can be given from the analysis. The reduced statistics in the lifetime determination is caused by narrow gates due to close-lying populating and depopulating transitions.

The lifetimes of the (11/2 + ) states in all 135-139 I isotopes are too short to be measured with the convolution method. Thus, upper limits could only be determined as given in Table II. In the case of the 135 I isotope, the fact that the (11/2 + ) state is much shorter than the (15/2 + ) state is consistent with the previous observation [20]. These lifetime limits are additionally cross checked for 135,137 I by analyzing the centroid difference of delayed and antidelayed time distributions. For details on the centroid difference method the reader is referred to Ref. [27].

An examination of the (23/2 - 1 ) and (29/2 + 1 ) states in respectively the 135 I and 137 I nuclei is also performed according to the expectations of the previous works (see Sec. IV). For TABLE II. Summary of the lifetime measurements in neutron rich iodine isotopes. Reduced transition probabilities are corrected for internal conversion assuming a nonmixed M1 or E 2 transition using [42], unless explicitly noted otherwise. B(E 2) transitions strengths are given in e 2 fm 4 

and B(M1) values in μ 2

N . For mixed (M1 + E 2) transitions, B(M1) values are provided. Shell-model values are calculated in the r4h-r5i model space ranging from Z = 50, N = 82 to Z = 82, N = 126 using the N3LOP effective interaction (SM-I) and Kuo-Herling (SM-II) interaction with set of effective charges (e π , e ν ) of (1.6e, 0.6e) for SM-I, SM-IIb, (1.5e, 0.5e) for SM-IIa, 0.7g free for SM-I, SM-IIb, and 0.6g free for SM-IIa. For further details see text.

τ (ps)

B(σ λ) b From effective lifetime. c B(M1) value calculated using δ from Ref. [25] (α(M1) = 0.0151 [14,25]). The limits for pure M1 or 7) ns] could be obtained, while this transition is not observed in the LaBr 3 (Ce) detectors. The result is well in agreement with the earlier existing information, e.g., a lifetime less than 7.2 ns (T 1/2 of 5 ns) is quoted in Ref. [43], much shorter than a previous estimate (Ref. [13] of [43]). An upper bound without an accurate value of 5 ns (T 1/2 < 3.5 ns) for the lifetime is also given in Ref. [44]. All results are summarized in Table II, together with the final outcomes for the reduced transition rates.
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This work provides the first lifetime measurements in the neutron-rich 137,139 I isotopes. From these lifetimes, first results on the reduced transition probabilities could be established. In the cases where J = J f -J i = 1 and the mixing ratio is known, the mixed B(M1) strength is given. For the (17/2 + ) → (15/2 + ) transition in 137 I, no mixing ratio is known and the mixed B(M1) value can be taken as an up-FIG. 7. Time difference spectra for the measured (a), (b) (13/2 + ) and (c) (17/2 + ) states in 137 I, and (d) the (13/2 + ) state in 139 I. Respective HPGe gates (to select the cascade of interest) and the LaBr 3 (Ce) time differences ( T ) are labeled. Each spectrum is fitted with a convolution of a prompt Gaussian (blue) and an exponential decay plus constant background (black). Shaded areas represent parameter fluctuations in the fits.

per limit, given the intensity ratio of the observed decaying transitions. For the B(M1; (9/2 + ) → (7/2 + )) value in the 139 I, a mean mixing ratio of δ = 1.0 is assumed, based on the conversion coefficient α = 0.0151(9) from Refs. [14,25]. To estimate the uncertainty in this transition rate, limits assuming an unmixed transition α(M1) = 0.0159 are used, while a pure E 2 transition [α(E 2) = 0.0143] would result in B(E 2) of 482(186) e 2 fm 4 [25,42]. The 381 keV (13/2 + ) → (11/2 + ) transition is consistent with an M1 multipolarity, obtained in angular correlation and polarization measurements [14]. In this case, a similar δ is assumed for such mixed B(M1; (13/2 + ) → (11/2 + )) strength and can also be taken as a lower experimental limit. To deduce the B(E 2) value of the (17/2 + ) → (13/2 + ) transition in the 139 I nucleus, the nonobservation of the previously reported 351 keV (17/2 + ) → (15/2 + ) γ ray (see Ref. [25]) is considered. Therefore, the B(E 2; 17/2 + → 13/2 + ) transition rate assumes only one decay branch out of the (17/2 + ) state and may be regarded as an effective value lower limit. For the B(E 3; (23/2 -) → (17/2 + )) transition rate, a pure (E 3) transition is examined, as identified in Refs. [41,43,44], providing the first such result with a reasonable significance.

IV. SHELL-MODEL CALCULATIONS AND DISCUSSION

The experimental results are compared to theoretical predictions from large-scale shell-model calculations. The r4h-r5i model space above a 132 Sn core is used, consisting of the 1 f 7/2 , 0h 9/2 , 1 f 5/2 , 2p 3/2 , 2p 1/2 , 0i 13/2 orbitals for neutrons and 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , 0h 11/2 for protons. The matrix elements are derived from an N3LOP effective interaction. Single-particle energies for neutrons and protons are taken from experimental data on 133 Sn and 133 Sb [45]. The 0i 13/2 neutron and 2s 1/2 proton orbital energies are taken from Refs. [46,47], respectively. The N3LOP effective interaction was successfully used before in describing the spectroscopic properties and collectivity of nuclei in the vicinity of the 132 Sn nucleus [5,7,8,15,28,48]. The diagonalization of the considered systems 135,137,139 I is achieved using the ANTOINE shell-model code [49,50]. These calculations are further denoted as SM-I. The results are illustrated in Table II and are discussed in the following sections. In addition, for comparison, we performed standard shell-model calculations using the NUSHELLX code [51] and the (N > 82, Z > 50) Kuo-Herling interaction (KH) [52,53] already used in this region. The single-particle energies are taken from experimental spectra of A = 207 nuclei [53] with a single hole to the doubly magic 208 Pb nucleus. The two-body matrix elements are modified according to fits on level energies of 206 Pb, 206 Tl, and 206 Hg isotopes below 208 Pb [54]. The interaction is widely used to successfully describe experimental data on nuclei "southeast" of 208 Pb (e.g., Refs. [55][56][57]) as well as data on N = 84 isotones [58] and neutron-rich Sb isotopes [59][60][61].

The two shell-model (SM) calculations achieved using the N3LOP and KH interactions are further denoted as SM-I and SM-II, respectively. The B(E 2) transitions are calculated using the proton-neutron effective charges, which are (e π , e ν ) of (1.6e, 0.6e) (SM-I and SM-IIb) and (1.5e, 0.5e) (SM-IIa). For the B(M1) transitions the SM-I calculations are performed using quenched spin and orbital g factors [5], a quenched g factor of 0.7g free for SM-IIb [4] and 0.6g free for SM-IIa.

A. Excitation energies and configurations

Intermediate spin states

The three valence-proton nucleus 135 53 I 82 exhibits features of both single-particle and collective excitations despite being semimagic. When contrasting it to the neighboring N = 84, 86 isotopes, their level sequence is strongly compressed, as it would be expected with the development of collectivity. In the level scheme of 135 I, transitions involving the (9/2 + ) state, known at 1184 keV [19], are not observed neither in this work nor in previous fission studies [41,43,62]. This state becomes the first excited one detected in the 137,139 I isotopes (see Fig. 3). As can be seen for these nuclei, the decay out of the (9/2 + ) state is the strongest, while the previously known (5/2 + ) state, believed to be the first excited one and seen in the previous fission works, is also not detected here. In 135 I, further differences can be found with respect to the heavier isotopes, such as the lack of separate branches with interconnecting transitions, while such interband transitions become typical when moving away from the N = 82 closedneutron shell. In Fig. 3, these can especially be recognized in the 137 I nucleus, while appearing weaker in the 139 I isotope, where the levels are even further compressed.

The yrast positive-parity states up to J = 15/2 are built on the π (0g 3 7/2 ) configurations where the maximum spin can be achieved in a fully aligned coupling, as confirmed by the shell-model calculations. The (17/2 + ) state in the 137 I isotope is based on a π (0g 2 7/2 1d 1 5/2 ) configuration involving the excitation from the π (0g 7/2 ) to the π (1d 5/2 ) orbital. This configuration was proposed also for the 135 I nucleus [41,43], in a full agreement with our shell-model calculations (SM-I/II; see Sec. IV A 2).

Specific positive-parity states

Several low-lying yrast states are examined in more detail in this work. Their evolution as a function of the mass number is compared to the theoretical results from SM-I and SM-II in Figs. 8 and10. For the lowest states, a very good agreement for SM-I and a reasonable agreement for SM-II between the experimental levels and the shell-model predictions can be observed. The overall tendency and level sequences is relatively well reproduced by the theory with tolerable differences of the order of 50 to 200 keV with SM-I for the (15/2 + ) and (17/2 + ) states and larger for SM-II.

The drop in excitation energies for all states, as discussed above, can be well followed when moving away from the N = 82 closed shell in 135 I towards 137 I, while this is somewhat reduced (flat line) between N = 84 and N = 86 for the 139 I isotope. The effect is strongest for the (5/2 + ) and (17/2 + ) states to which we can add the behavior of the (13/2 + ) states due to their common origin. The evolution of these states can be traced in Fig. 8. According to our shell-model (SM-I) results, the set of states have the pure (in A = 135, e.g., ≈90%) to dominant (in A = 137, 139, e.g., 23-15%) proportion based on the π (g 3 7/2 ) configuration. Similarly, the 7/2 + g.s. and the FIG. 8. Energy of excited states as a function of mass number for 135,137,139 I. Experimental values are taken from the evaluated nuclear data sheets [19,24,25] and are shown with filled squares. The identification of (13/2 + ) state in A = 135 is tentative. Theoretical values from the present shell-model calculations are shown with empty squares (SM-I) and empty triangles (SM-II). Solid and dashed lines are drawn to guide the eye. Each sequence is labeled with spin and parity.

(11/2 + ) and (15/2 + ) states are coupled to ν( f v 7/2 ), v = 2, 4 neutrons, respectively. Interestingly, they belong to a different sequence in the decay schemes and this is clearly visible in their level schemes (Fig. 3) with evident band structure for the 137 I and 139 I nuclei. According to SM-I, these (9/2 + 13/2 + , 17/2 + ) states originate from the same proton excitation to the π (d 5/2 ) orbital with dominant π (g 2 7/2 d 5/2 ) configuration coupled as for the other states (in A = 137, 139) to the even neutrons in the ν( f 7/2 ) orbit. As discussed above for A = 135, only the (17/2 + ) state originates from such an excitation, which reflects its relatively large energetic difference (thus orbital positioning) with respect to the ν(g 3 7/2 )-based 7/2 + g.s. in this nucleus. It should be noted that, while the (9/2 + ) state changes its origin between N = 82 and N = 84 (not even populated in the yrast sequence of 135 I), the (17/2 + ) state stays a relatively pure member of this configuration (e.g., according to SM-I about 50% in A = 137, and in A = 139 it is the maximal partition with about 20%). Thus, its more detailed investigation (e.g., with the transition strength of its deexcitation) is interesting. The (13/2 + ) state, on the other hand, has a more mixed origin. According to the calculations, some neutron components with excitations to the ν(p 3/2 ) orbital with π (g 2 7/2 d 5/2 )ν( f 3 7/2 p 3/2 ) configuration are expected to occur. This is visible also in the orbital occupations for the three nuclei of interest, which we show in Fig. 9. In this figure, in addition to SM-I we added the predictions of SM-II, thus comparing two shell-model interactions (see the beginning of Sec. IV). Agreement on the origin for some of the states, while disagreement for others, partially the subject in the previous works on 135-139 I nuclei [14,22,41,43], can be seen.

The N = 82 case may be considered simpler as the lowlying states have practically no neutron component; e.g., as discussed above, the neutron excitations from the closed Sn core take place at excitation energy above 4 MeV. However, the orbital contributions are different, especially for the π (d 5/2 ) orbital that apparently is important for low-lying states in A = 135 in the SM-I while it is not the case in SM-II. This could be explained by the overestimated π (g 7/2 )-π (d 5/2 ) proton gap in the KH case compared to the N3LOP case (see Fig. 8). The relatively shared occupation in these π (d 5/2 ) and π (g 7/2 ) proton orbitals is visible for SM-I (N3LOP) with the mass increase up to A = 139, where they are practically competing (see Fig. 9). This reflects their close positioning at N = 86. This is also in disagreement with the excitedstates origin by SM-II, predicting the occupation, respectively, closer positioning of the π (d 3/2 ) orbital in N = 84 and the π (s 1/2 ) and π (d 5/2 ) orbitals at N = 86. On the neutron side, ν( f 7/2 ) is the main component in all wave functions with some small influence of the ν(p 3/2 ) orbital as noted above, reflecting their proximity. This occupation increases very slightly according to SM-I between N = 84 and N = 86, which would reflect the decreasing distance between these orbitals, with no drastic effects with the increase of N as elaborated in some of our earlier works [7,15]. For the neutrons, SM-II also predicts strong fractioning to the ν(h 9/2 ) and ν(i 13/2 ) orbitals, in contrast with SM-I where these partitions are much smaller for the examined states and become important only at much higher energy. Note that in the two calculations the excitations are treated as valence particles (SM-I) and valence holes (SM-II). Further discussion on the origin will be given in the context of transition rates inferred from the measured timing properties of these states (see Sec. IV C).

Negative-parity states

In this work we observe two negative-parity (19/2 -) and (23/2 -) states with their high-energy (i.e., E γ > 1.6 MeV) connections with the yrast states. As can be seen in Fig. 3, the population of these states makes the level scheme of 135 I particularly different as compared to the 137,139 I isotopes. Identified in Ref. [43] based on shell-model calculations, it was suggested that their origin involves the proton excitations to the π (0h 11/2 ) shell, dominated by a π (0g 2 7/2 0h 1 11/2 ) component in the wave functions. As discussed above (and in Ref. [43]), except with the KH effective interaction, this suggestion is in good agreement also with the results using the N3LOP effective interaction; see Sec. IV. One may note here that except for the description of excitations in 135 I by a simple single-proton (in g 7/2 ) coupling to states in the 134 Te nucleus [43,47], the transition rate B(E 3; (23/2 -) → (17/2 + )) of 8.7 × 10 3 e 2 fm 6 was estimated in Ref. [44]. It was based on pure π (g 

FIG. 9. Occupations for the most prominent proton or neutron-proton configurations, respectively, in the 135 I (a), the 137 I (b,c), and the 139 I (d), (e) isotopes as calculated by the shell-model using the N3LOP and the Kuo-Herling (KH) shell-model interactions. See text for details.

perimental result [6.6(9) 10 3 e 2 fm 6 ; see Table II] inferred from the measured lifetime of the (23/2 -) state. Therefore, it provides interesting qualitative information on the collective enhancement of the E 3 transition rate at this semimagic nucleus which is not available for the heavier-mass isotopes. Note that such negative parity states are not observed for the 137,139 I isotopes, either in this work or in the previous works evaluated in Refs. [24,25].

Other non-yrast states

Another particularity in the 135 I isotope, observed here, is the detection of 928 and 1000 keV γ feeding branches to the (15/2 + ) state with E x = 2350.6 keV and E x = 2421.8 keV, respectively. Deexciting possibly non-yrast states, these transitions were detected previously [19] though no spin-parity assignment could be proposed. For example, these states are particularly distinct from the positive-parity (15/2 + ) and (17/2 + ) states in the level scheme of 135 I, and at the same time are well separated in energy from the other known negative-parity states such as (19/2 -) and (23/2 -) discussed above. According to our shell-model calculations, candidates that would be in conjunction with their energies, intensities, and decay would be (11/2 -) and (13/2 + 2 ) states, predicted at 2225 and 2339 keV of excitation energy, respectively. Note that other negative-parity states either have larger J or are far in energy, e.g., the rest of the positive parity states are predicted to be higher and with different origin (see Fig. 10). Taking into account that the non-negligible M1 strength between a potentially populated (15/2 + 2 ) and (13/2 + 2 ) or an E 2 between (15/2 + 2 ) and (11/2 + 2 ) is calculated, these states cannot be excluded. It is relevant to note that all the positiveparity candidates have almost pure π (g 2 7/2 d 5/2 ) configuration (e.g., 95% according to SM) which would correspond to an enhanced branching to the (15/2 + ) state with π (g 3 7/2 ) configuration (≈96% according to SM). Therefore, this corresponds to a transition between π (d 5/2 ) and π (g 7/2 ) orbitals, taking into account the high purity in the calculated states. They will thus be similar (and in the same energy range) as the transitions between the (17/2 + ) (π g 2 7/2 d 5/2 ) and the (15/2 + ) (π g 3 7/2 ) states, identified in Refs. [41,43]. On the other hand, the negative-parity (11/2 -) candidate has pure π (g 2 7/2 h 11/2 ) (>85%) configuration as all negative-parity states and would be its populated member with lowest energy. Thus, a branch between an (11/2 -) and the known (15/2 + ) state would rather correspond to a π (h 11/2 ) → π (g 7/2 ) transition and become the first identified connection of the same type as with the (17/2 + ) states though this time with the (15/2 + ) state sitting 572 keV below. Note that the type of transition between π (h 11/2 ) and π (d 5/2 ) was suggested in Refs. [41,43] to connect the higherlying negative parity states with the (17/2 + ) state, identified as the lowest-energy member of the π (g 2 7/2 d 5/2 ) multiplet in 135 I.

B. Links to the 52 Te and 55 Cs isotones

In the level schemes of the nuclei of interest to this work some particular relations to other isotones are present. In the case of the 135 I nucleus, other than those previously discussed (see Sec. IV A), higher-energy feeders were previously reported in Ref. [41]. These γ -ray transitions with energy of the order of 2 MeV connecting with the (15/2 + ) state are unobserved here. Known from Refs. [41,43] to deexcite the higher-lying core-excited states (with E x > 4 MeV), these are the states representing the π (g 3 7/2 )ν( f 1 7/2 h -1 11/2 ) configuration. As discussed above, this relates particularly well the behavior of 135 I with the semimagic neighbor 134 Te, as the large shell gap is present for both two-proton and three-proton isotones of the doubly magic 132 50 Sn. Very weakly, in this work we observe only one member of this multiplet, the (19/2 + ) state, at an excitation energy of about 4.2 MeV. Being the lowest member of this broken neutron-core excitation, it appears almost at the same energy as in 134 Te [43].

In Ref. [22], it was expected that the extra proton collectivity would cause significantly close-lying levels and due to low-energy transition imply a long-lived isomer at high excitation energy. The nonobservation of such a 12 + isomeric state in 136 Te triggered a corresponding search in the 137 I nucleus [23] for a state of spin-parity (29/2 + ). In Ref. [22], it was concluded that the limited model space of the shell-model calculations with the Kuo-Herling interaction and an empirical set of single-particle energies is not appropriate to account for the data, and further data are needed to search for the real effect of the protons. The authors of the subsequent work [23] agreed that the model space limitation resulted in insufficient performance for the excitations in 137 I. This was attributed to the isomer in 137 I while performing a different shell-model calculation. Their expectations for the (29/2 + ) state are based on the π (g 2 7/2 d 5/2 )ν( f 2 7/2 ) configuration, in good agreement with our shell-model results with >86% of this strong and high-lying in energy dominating π (d 5/2 ) excitation. Neither of the works in Refs. [22,23] observed such an isomer, nor can we find one in our work, where an upper limit for the T 1/2 of the order of 4 ns can be set. For an assumed E 2 decay to the (25/2 + ) state that is the only observed decay branch, our result would be in agreement with a factor of about 100 hindrance, suggested in [23].

In Ref. [43], 11/2 + 1 (and other yrast) states in the 133-141 55 Cs isotopes were described as a simple coupling of the valence proton to the even 54 Xe core. This was examined up to N = 86 for the isotone of our 139 I nucleus of interest. As already stated, similar behavior was found in the case of 53 I where states could be described by couplings to the 52 Te core. The identification of corresponding states in 137 I with respect to the 2 + of 136 Te core confirmed the similarity with its A -2 neighbor. Furthermore, it was noted in Ref. [43] that the level scheme of the 139 Cs nucleus, for example, is more uniform than that of the Xe partner, suggesting that the two extra protons in Cs induce more collective motion. An identical conclusion was given later in Ref. [22] concerning 137 I with respect to the 136 Te nucleus, whose evenly distributed levels should also be caused by the extra proton-induced collectivity. Here, one can additionally compare the proton-induced collectivity with that induced by the increase of N. For example, from comparing the four-valence neutron 139 I nucleus and the five-valence proton 139 Cs nucleus, it may be noticed that proton-induced collectivity looks weaker. It seems to induce a smaller compression in excited levels, and possibly implies relatively large orbital spacing than those seen in the iodine nuclei with the addition of neutrons. This would support the theoretical conclusions of Ref. [63], predicting a strong neutron dominance beyond N = 82. Comparing the Te and Xe spectroscopic results, the authors concluded that the neutron-proton exchange symmetry breaking has a strong effect on excitation energies and transition rates of these nuclei. in Sec. III D, for nonmixed E 2 transitions, B(E 2) values are calculated taking into account their conversion [42], while for mixed M1 + E 2 transitions, in addition, respective mixing ratios are also considered [24,25]. For multiple transitions decaying from the same state, partial lifetimes are deduced using experimental intensity ratios given in Table I. Plotted in Fig. 11, the experimental transition rates are directly compared to those calculated within the framework of the shell model in our attempt to give insight into the nuclear wave functions of the connecting states.

C. Transition rates

Reduced transition probabilities listed in

Specific B(E2) strengths

In the 135 I isotope, the lifetime the (15/2 + ) state [τ = 2340(115) ps] is consistent with the previous measurement [τ = 2510(120) ps] [20]. The experimental B(E 2) value of 168(9) e 2 fm 4 perfectly agrees with the results from the shell model of 157 e 2 fm 4 provided by SM-I, though the results of SM-II are also reasonable. This corresponds to a value of 4.1(2) W.u., which is typical for semimagic nuclei. The (15/2 + ) → (11/2 + ) transition rate in the 135 I isotope is successfully reproduced in a seniority singlej approach based on the π (0g 3 7/2 ) configuration and the B(E 2; 4 + 1 → 2 + 1 ) value of 4.30(39) W.u. in 134 Te [20]. From the experimental upper lifetime limit of 50 ps for the (11/2 + ) state in 135 I a lower B(E 2) limit of 7 e 2 fm 4 can be obtained. From the shell-model result, a lifetime of about 2 ps should be expected, which is below the sensitivity limit of the fast-timing technique.

The (11/2 + ) states could be investigated in the heavier 137,139 I isotopes. The evolution of quadrupole collectivity inferred by the B(E 2) strengths of the (11/2 + ) → (7/2 + ) ground state transition is comparable to the 2 + → 0 + in the even-even Te partners, where such an increase was also observed in our recent work [28]. Despite providing only lower limits here, based on the measured quantities, these transition probabilities show an indication of an increased collectivity with increasing valence nucleon number. Such a moderate change from N = 82 ( 135 I) toward N = 86 ( 139 I) is visible in Fig. 11, indicating a smooth development of collectivity properties outside the 132 Sn core. Also for these three-valence proton nuclei, the trend seems to be somewhat larger than the slowed down behavior seen in the two-proton Te [28], which can be expected. Compared to the theory one has to note that the slight increase of this collectivity is coherent with both SM-I and SM-II, even though somewhat overestimated. The trend is coherent with SM-IIa, which represents a different set of effective charges (see Sec. IV) and seems to account for the compression factor slightly better, while SM-IIb results have another tendency.

Several other states could be investigated, such as the (13/2 + ) and the (17/2 + ), providing the opportunity to discuss the evolution of collectivity in terms of B(E 2) and B(M1) strength with increasing neutron number, as can be seen in Table II. The B(E 2) values suggest a slight increase in transition strength when moving from the (11/2 + ) state to the (13/2 + ) state in 137 I. This trend is generally supported by all shell-model calculations. For the 139 I nucleus, a slight decrease from the B(E 2; (11/2 + ) → (7/2 + )) to the B(E 2; (13/2 + ) → (9/2 + )) strength could be seen (Fig. 11), which may be due to the uncertainty in the result, though also indicating a reduced trend with increasing N. As indicated in the Te isotones, this behavior is not well supported by the shell-model results, where with SM-I much larger quadrupole collectivity is predicted, while the trend with both interactions is the same independently of the effective charges. It is somewhat difficult to exactly reproduce the indicated collectivity by the experimental results for A = 139. As the behavior of the dominantly π (d 5/2 )-based (17/2 + ) states is similar, one may conclude that both π (d 5/2 ) and π (g 7/2 ) orbitals, important in the [π (0g 2 7/2 1d 1 5/2 )ν(1 f 4 7/2 )] configurations of these states, contribute relatively equally to the decay strengths, while the obvious presence of reduced quadrupole collectivity is due to the larger excess of neutrons. This may be concluded by what is seen for A = 137, where the experimental results are much better reproduced by the shell model, where SM-I is best among those chosen for comparison. This is very well indicated in the comparison of E 2 transition strengths, especially for the (13/2 + ) and (17/2 + ) states, measured with reasonable uncertainty, but also for the (15/2 + ) with a limit value deduced experimentally in our work. Thus, despite the relatively similar configurations in A = 137 and A = 139 (see Sec. IV A 2), the mixtures for the N = 86 iodine nucleus do not seem to strongly influence an increase of collectivity. This is very interesting as our results provide a first direct measure of this B(E 2) evolution for such very exotic FIG. 12. E 2 reduced transition probabilities of yrast transitions for neutron-rich tellurium and iodine isotopes beyond N = 82. The data for 134,136,138 Te are taken from Ref. [28] and the results for the iodine isotopes are determined in this work. species and, therefore, give an extremely valuable input to the extension of theoretical shell-model predictions for very neutron-rich nuclei. A graphical comparison of the experimental and theoretical B(E 2) transition probabilities for these neutron-rich iodine isotopes and their respective tellurium isotones is shown in Fig. 12. The data for the tellurium isotopes are taken from Ref. [28] and further visualize the evolution collectivity, as discussed above.

As already indicated in Sec. IV A 2, the B(E 2) transition strength of the higher-lying (29/2 + ) → (25/2 + ) states can be reproduced only with the assumption of a relatively large hindrance factor. It is possible to account for this in the SM-II calculations, where values relatively close to the experimental ones are computed, and the effect of the effective charges is minor. Such a test was performed in Ref. [23] where the transition to the (27/2 + ) state was also found to be hindered. It results in a theoretical value of 12 e 2 fm 4 by SM-I, compared to 18 e 2 fm 4 [23] using e π = 1.55e, e ν = 0.7e. The B(E 2; 29/2 + → 25/2 + ) transition predicted by SM-I is larger than the present measurement, whereas it is the same as that obtained by the SM calculations (317 e 2 fm 4 ) reported in Ref. [23]. It is interesting to note that this transition represents a shared π (d 5/2 ) → π (g 7/2 ) and π (d 5/2 ) → π (d 5/2 ) strength as the (29/2 + ) state is a very pure member of the π (g 2 7/2 d 5/2 )ν( f 2 7/2 ) multiplet. Here it appears to be connected to the (25/2 + ) state which is about twice strongly fragmented.

Specific B(M1) strengths

The experimental B(M1) transition strengths are also shown in comparison to theory in Fig. 11 and Table II. The B(M1) values of the (9/2 + ) → (7/2 + ) transition in 139 I is almost an order of magnitude higher than for its neighboring isotope with the difference of only two neutrons. As expected, this indicates an increase in collectivity when moving away from the closed shell. Although the main component of the (9/2 + ) wave function is the same in both isotopes, the mixtures overtake the wave function in 139 I much more severely than in the other excited states with only about 5% of the main π (g 2 7/2 d 5/2 )ν( f 4 7/2 ) configuration. For the (13/2 + ) states no multipole mixing ratio is known for the mixed (M1 + E 2) (13/2 + ) → (11/2 + ) transition and for 139 I only a lower limit is given. In 137 I, a strong increase in B(M1) strength is indicated between the J = 9/2 + and J = 13/2 + states by almost an order of magnitude. Such a trend does not seem likely or as strongly pronounced for 139 I, although no firm conclusions can be drawn from the lower B(M1) limit. Even for the known case, as the mixing is not severe, the M1 strength is the dominating one and it clearly exhibits its collective behavior together with the evolution trend for the nuclei of interest.

Although the g factor quenching of 0.7g free is typically used for this region [4,5] and performs relatively well, a test performed with another set is also possible, especially as this is directly related to the B(M1) strength. It shows that for the (13/2 + ) states a 0.6g free quenching may be the better choice when using the SM-IIb that also drastically changes the order of magnitude for (9/2 + ) M1 strength in A = 137 (e.g., to 10 -4 ) and brings it closer to the experimental value. This provides a direct hint that reproducing the experimental evolution of collectivity is far from sufficient, and more experimental data should be collected for these very exotic systems.

Specific B(E3) strengths

Concerning the B(E 3; (23/2 -) → (17/2 + )) transition rate in 135 I as stated in Sec. IV A, our experimental result is in agreement with the expectations of 8.6 × 10 3 e 2 fm 6 from Ref. [44] based on a pure proton coupling to the equivalent state in 134 Te with B(E 3; (9 -) → (6 +

2 )) of 8.7(14)×10 3 e 2 fm 6 [64]. Some agreement can also be found within the calculated 12.9×10 3 e 2 fm 6 (11.96 W.u.) value quoted in the comparison with SM calculations of Ref. [65]. In this case also the Kuo-Herling interaction is used, though with a different set of single-particle energies and proton effective charge of 2.0e. It was concluded to be a good choice of the octupole effective charge for protons and the best to reproduce the observation of Ref. [64]. Based on this investigation it may be suggested that the measured B(E 3) strengths in 134 Te (to both first and second excited 6 + states, 3.8(2) and 8.0(1.3) W.u. respectively) [64,65] show substantially low octupole collectivity above 132 Sn in comparison to other regions.

V. SUMMARY

In this work we have studied the deexcitation schemes of three odd-even [135,137,139] I isotopes beyond 132 Sn, providing the first lifetime data on iodine isotopes beyond N = 82. We have reported whenever possible, e.g., due to lifetime range and/or poor statistics, first experimental outcomes on the highly demanded lifetimes of the first excited states in these nuclei, such as the (9/2 + 1 ) and (13/2 + 1 ) states in 137 I and 139 I, and the (17/2 + 1 ) state in 137 I isotopes. For several other states [the (11/2 + 1 ) states in 135c-139 I, the (15/2 + 1 ) state in 137 I and the (17/2 + 1 ) state in 139 I], we have provided an upper lifetime limit that has also valuable indication. While the isomer data in 135 I for the (15/2 + 1 ) and (23/2 - 1 ) states agrees well with single-proton coupling to the even-Te core, the new lifetime data on the (29/2 + 1 ) state in 137 I confirms the previously suggested large E 2 hindrance at high-spin for N = 84 and deserves special attention in future dedicated studies.

Inferred from the investigation of excited states, the deduced transition rates for mostly E 2, M1 (or mixed M1) transitions indicate with precision or give in several cases lower limits on the collectivity in these 135,137,139 I isotopes. Furthermore, in the comparison with state-of-theart shell-model calculations a reasonable agreement with the data could be seen, especially for the use of effective interactions, providing at the same time very valuable input for future theoretical works in the region. Interestingly, the behavior of the B(E 2) strengths and the expected fast development of collectivity in these nuclei seems not to be indicated from the present data, in a more complex picture than expected. Moreover, the collectivity is slowed down significantly with the addition of neutrons. This is especially visible for the (11/2 + 1 ) states and in the B(M1) rates for the (9/2 + 1 ) states, although a non-negligible constant behavior is detected for the higher-lying (13/2 + 1 ) and (15/2 + 1 ) states examined in this work. Containing only a proton particle in addition, this trend in the iodine nuclei is not very different from their Te isotones and opens an interesting area for detailed studies of higher-lying states and on more exotic species around N = 90.

In this fission reaction induced by fast neutrons on 238 U, we have observed the population of angular momenta which were earlier accessed in spontaneous or ultracold neutron-induced fission of heavier fissioning elements, only. This observation remains intriguing, and may be of interest regarding the ques-tion of generation of spins in the fission fragments. Detecting relatively high spins similar to those previously known for these iodine nuclei, we provide complementary data useful for comparisons and further exploitation. It is compelling to continue these investigations with studies in fundamental nuclear physics and nuclear energy applications.
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FIG. 1 .

 1 FIG. 1. (a)Schematic representation of the experimental setup. The neutrons are produced in the7 Li(p, n)7 Be reaction and are focused on the 238 U target to induce fission. The γ rays are detected by the ν-ball array consisting of 20 LaBr 3 (Ce) detectors (ring 1), 24 HPGe Clover detectors (rings 2 and 3), and ten HPGe Phase-I detectors (ring 4). Adapted from Ref.[32]. (b) HPGe (red) and LaBr 3 (Ce) (blue) efficiency curves. The data points were obtained using a 152 Eu source and corrected for self-absorption effects. For details see text.
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 2 FIG.2. HPGe singles spectrum labeled with contaminants ("c") and transitions from different fission fragments. The inset shows an energy projection with different multiplicity conditions M.
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 4 FIG.4. HPGe energy projections after gating on ground state transitions in (a)137 I and (b) 139 I as labeled. Transitions from the isotopes of interest are indicated by their respective energy, while those from the background (inelastic neutron scattering or fission binary partners) are labeled with "c".
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 5 FIG. 5. Lifetime measurement of the (15/2 + ) state in 135 I. (a) HPGe (red) and LaBr 3 (Ce) (blue) energy spectra gated on the 1134 keV (11/2 + ) → 7/2 + transition. (b) Background-subtracted LaBr 3 (Ce) time distribution for the sum of the 288 and 1134 keV transitions. The spectrum is fitted with a prompt Gaussian (blue) convoluted with an exponential decay curve plus a constant background, resulting in the full fit function (red).

FIG. 6 .

 6 FIG. 6. HPGe (red) and LaBr 3 (Ce) (blue) energy spectra after a HPGe sum or single gates and an additional LaBr 3 (Ce) gate for transitions in (a) 137 I and (b) 139 I isotopes. The respective gates are labeled. Time difference spectra for the (9/2 + ) state in (c) 137 I and (d) 139 I nuclei. The lifetimes result from a convolution fit (red) of a prompt Gaussian (blue) and an exponential decay plus constant background. The shaded area indicate the uncertainty bands from variation of parameters and fit regions.

  ) and 7(b), respectively. From the fit of the T (400, 358) distribution, a lifetime of 140 +40 -50 ps could be obtained. The resulting lifetime of the T (334, 358) distribution amounts to 145(60) ps, reflected by the larger uncertainty due to lower statistics, while at the same time being consistent with the previous lifetime result. Because of the smaller uncertainty, the lifetime τ = 140 +40

  E 2 transitions correspond to B(M1) = 5.8(22) × 10 -3 μ 2 N and B(E 2) = 482(186) e 2 fm 4 , respectively. d For literature values see text. e B(M1) values given as limits assuming a pure M1 transition. the 3689.8 keV (23/2 - 1 ) state in the 135 I isotope, based on the 1696 keV transition detected in the HPGe detectors, a value of 6660(1010) ps [T 1/2 = 4.6(
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 10 FIG. 10. Comparison of experimental and theoretical (SM-I and SM-II) excitation energies for the 135,137,139 I isotopes. See text for details.

  Level schemes for the 135,137,139 I isotopes as observed in this work. The arrow widths correspond to the relative γ -ray intensities. Where applicable, states are labeled with their lifetime as measured in this work.
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TABLE I .

 I Transitions associated with the 135,137,139 I isotopes as observed in this work. Spins and parities are taken from Refs.

  2 7/2 ⊗ h 11/2 ) 23/2-and π (g2 7/2 ⊗ d 5/2 ) 17/2+ configurations, corresponding to a transition between π h 11/2 and π d 5/2 proton orbits. This is in good agreement with our ex-

		Active neutron orbitals: Active proton orbitals:	2s 1/2 1d 3/2 0h 9/2 1f 7/2 2p 3/2 0i 13/2 0g 7/2 1d 5/2	Occupation number	1 2 3	
		SM-KH				
		SM-N3LOP			0	
	Occupation number	1 2 3				
		0				
		7/2 + 9/2 + 11/2 + 13/2 + 15/2 + 17/2 +	7/2 + 9/2 + 11/2 + 13/2 + 15/2 + 17/2 +	7/2 + 9/2 + 11/2 + 13/2 + 15/2 + 17/2 +
			135 I 82		J	137 I 84	J	139 I 86	J

  Table II are deduced from the measured lifetimes in this work. As stated → J i -1) and (b) B(E 2; J i → J i -2). Experimental values are shown as filled squares and theoretical values from shell-model calculations as empty symbols. Solid lines for experimental values are drawn to guide the eye. All experimental values are determined in this work. The notation for the theoretical values is given in Table II.
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			FIG. 11. Reduced	transition	probabilities	given	as
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