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The Brink-Axel hypothesis, which states that the photoabsorption cross section is independent of the excitation energy of a nuclear system, is an assumption used in nuclear structure studies and calculations of neutron-capture cross section for astrophysical applications. In the present work, using microscopic Configuration Interaction method, it is demonstrated that the dipole photoabsorption cross section at low energy is dependent on the excitation energy and deviations from the Brink-Axel hypothesis are particularily large for the ground state of an even-even system. It is also shown that the low-lying E1strength, known as pygmy dipole resonance, is redistributed with the excitation energy of the initial state and strongly dependent on its structure. The consequences of these findings on the calculated neutroncapture cross sections are discussed.

The γ strength functions (γ-SF) are fundamental properties of the atomic nucleus and basic inputs for the evaluation of neutron capture cross sections, which play a central role in astrophysical models of nucleosynthesis and stellar evolution [1,2]. They are also necessary to optimize the design of nuclear power reactors and to determine the ideal parameters for the burnup of nuclear waste [3]. All electromagnetic multipoles may contribute to the γ-SF but the electric dipole (E1) seems to dominate with some contribution of the magnetic dipole (M 1) transitions. Above the particle threshold, E1 γ-SF is governed by the isovector giant dipole resonance (GDR) but at lower excitation energies the situation is more complex: In nuclei with neutron excess one observes an enhancement of the low-energy strength, known as pygmy dipole resonance (PDR). The PDR provides constraints on such fundamental properties as the neutron-skin thickness of medium to heavy nuclei [4,5], the nuclear symmetry energy [6], and the properties of neutron stars [7]. As it is located near particle threshold, its impact on astrophysical reaction rates and the resulting abundances in the r process was underlined e.g., in [8][9][10]. In stellar environements one deals with finite temperatures, thus reactions on excited states become of interest and the validity of the Brink-Axel hypothesis (BAH) appears crucial [11,12]. Introduced in 1955, it states in its primary form that the energy-smoothed photoabsorption cross section is independent of the detailed structure of initial state, so that the γ-SF should depend on the γ energy only. Later on the hypothesis was generalized to affirm that the γ-SF should be the same in γ-absorption and emission experiments. Experimentally it is not trivial to test the hypothesis in an energy range wide enough for firm conclusions. Validity of the BAH in the quasi-continuum of nuclear states was established using the Oslo method, see e.g. [13] and references therein. The BAH in the PDR region was validated in [14], contrary to earlier claims of [15,16]. In two very recent experiments, deviations from the BAH were again noticed [17]. The most recent verification performed in 116,120,124 Sn [18] found only a small contribution of the PDR peaks to the decay γ-SF. An open question remained to which extent these findings could be generalized. Theoretical studies also put the assumptions of the BAH in question. In Ref. [19] evolution of sum rules of transition operators with initial energy was achieved within the Configuration Interaction approach (CI, known as well as interacting shell model or configuration interaction shell model), suggesting only weak violations of the BAH in the case of the E1 operator. Other theoretical studies do not support the BAH for E1 transitions: The thermally unblocked relativistic quasiparticle random-phase approximation (QRPA) of [20] pointed out different shapes of γ-SF with increasing temperature. In [21] the E1 deexcitation γ-SF was studied in the CI and its low-energy part shown to differ considerably from the GDR built on the ground state (g.s.) which resulted in addition of empirical non-zero limits to the QRPA γ-SF to describe the radiative decay in Ref. [22]. A conclusion invalidating the BAH was reached also in [23] where the temperature dependence of the γ-SF including M 1, E1 and E2 transitions was studied within the phonon damping model. This Letter focuses on the assumptions of the generalized BAH for the dipole γ-SF with an emphasis on the E1 strength in the PDR region. Two aspects are adressed: (i) the changes of the photoabsorption γ-SF depending on the initial state, (ii) the equivalence between photoabsorption ("upward") and deexcitation ("downward") strengths. To this end, CI calculations of the E1 + M 1 γ-SF in neutronrich nuclei are performed, taking as example neon isotopes (Z = 10): 26 Ne was reported to exhibit a pygmy resonance [24] which is reproduced by present CI calculations. Evolution of dipole strength with the neutron number and modifications of γ-SF with excitation energy and spin of initial states are examined. Deviations from the BAH are discussed and their consequences on the calculations of neutron-capture cross sections (NCCS) are illustrated.

The CI was applied frequently in recent years to study dipole M 1 γ-SF, see e.g. [?, [25][26][27][28]. Here a full 1hω psd -pf model space is used to explore the E1 transitions in neutron-rich Ne isotopes while the M 1 magnetic dipole ones are described within 0hω sd-shell. Selected results are verified extending the calculations to (1 + 3)hω and (0 + 2)hω excitations for E1 and M 1 operators, respectively. The CI Hamiltonian reads:

H = i i c † i c i + ijkl V ijkl c † i c † j c l c k + βH COM (1) 
where the center-of-mass (COM) Hamiltonian with a multiplication coefficient β = 10 is added to push up the COM eigenvalues to the energy range not considered here. The isovector E1 transition operator is considered

Ôλ=1 µ = -e Z A N i=1 r i Y 1µ (r i ) + e N A Z i=1 r i Y 1µ (r i ) (2) 
substracting the COM motion. In the calculations of M 1 transitions the spin part of the operator is quenched by the usual factor of 0.75, see Ref. [29]. The effective interaction used in this work is the semi-empirical one developed in [30]. To describe photoabsorption, Lanczos Strength Function method [29] with 300 iterations is used. This permits to obtain the strength per energy interval in the whole energy range that can be described in a model space (see as well [31] for recent applications of Lanczos techniques in the context of the BAH for Gamow-Teller transitions). The deexcitation γ-SF are derived from CI results using Bartholomew definition [32], as done previously in [21,28]:

f E1/M 1 (E γ ) = 16π 9(hc) 3 B(E1/M 1; E exc , E γ ) ρ(E exc ) (3)
where E γ is the transition energy, B(E1/M 1; E exc , E γ ) the averaged reduced transition probability at excitation energy E exc and ρ(E exc ) the corresponding level density. Contributions from all the excited states up to 1MeV above the neutron separation energy (S n ) are taken into account in the calculations. The strengths presented in graphs are additionally convoluted with a Lorentzian with an arbitrary width Γ/2 = 500keV. To test the BAH, integrated quantities and the shapes of γ-SF obtained on a number of excited states are analysed. Sum rule of a transition operator (SR), energy-weighted sum rule, centroid and width of the distributions are calculated following Ref. [36]. [33]. γ-SF obtained from CI and available QRPA calculations are employed to compute radiative NCCS within the Hauser-Feshbach model [34] implemented in the TALYS reaction code [35].

In Fig. 1 the sum of E1 strength in the 0-14MeV interval is presented as well as the energy of the first state with transition value to the g.s. B(E1) > 0.01e 2 f m 2 along the Ne chain. There is no E1 strength in this interval in 20 Ne, as expected in a N = Z nucleus, where isospin T= 0 transitions are forbidden. The low-energy strength appears in 22 Ne and continues to augment till the last calculated case. In particular, 26 Ne was shown experimentally to have a pygmy mode: The experimental B(E1) up to 10MeV amounts to 0.49 ± 0.16e 2 f m 2 [24] while the CI value is 0.486e 2 f m 2 and exhausts around 5% of Thomas-Reihe-Kuhn sum rule. All 1 -states computed in the 7-10MeV energy range have wave functions with probabilities of major components not exceeding 10%, suggesting a collective nature of the low-energy strength. The nature of PDR strength in 26 Ne was previously discussed in theory [36,37] and will be adressed within the present approach in a forthcoming publication [38]. QRPA calculations of Ne isotopes from [36] are added for comparison in the Figure :  though there is a qualitative agreement between theoretical calculations, CI gives more strength at low energies, the consequences of which on NCCS calculations will be discussed below.

The major interest of this work is the validity of the BAH, thus the total strengths of E1 and M 1 operators are first investigated for a large number of initial states. In Fig. 2 those are plotted for selected nuclei as function of excitation energy and of initial spin. Both 1hω and 3hω calculations are reported. E1 SR are reduced in 3hω calculations with respect to 1hω but both calculations show a flat behavior. This is in accord with previous CI results from [19] where the E1 SR showed only a weak violation of the BAH. However, a truncated model space used in that work brings a larger spread of SR values when compared to a full 1hω calculation, yielding summation from all the possible 1p-1h excitations. Including 3hω excitations does not change considerably the trend of the SR, a consequence of more than 60% of the wave function residing in the sd-shell model space in low-energy states. The behavior is different for the M 1 operator connecting solely the 0hω (or 2hω) states where interference between components in the ground and excited states lead to alternation of the SR much more sensitive to the initial state structure. As a consequence the M 1 SR do not show the constant tendency with energy/spin (as well in agreement with [19]), independently of the configuration space.

To investigate further the BAH for E1 dipole, strength distributions were explored for a number of excited states in 3 nuclei: i) 22 Ne which was predicted in [36] to have a β = 0.5 deformation and a g.s. distribution with a doublepeak structure, ii) 26 Ne predicted to have a PDR, iii) 27 Ne, an even-odd isotope without a large energy gap in the spectrum and with a PDR strength obtained on the g.s. in CI. Fig. 3 shows the E1 distributions in these nuclei computed for various initial states and their characteristics are listed in Tab. 1. While SR from Fig. 2 are fairly similar, the distributions appear different. Starting with 22 Ne, the asymmetric double-peak structure of the 0 + 1 disappears for higher-energy states. It is known that deformation causes the split of the GDR so the shapes of γ-SF may differ in nuclei where spherical and deformed states coexist. On the other hand, the centroids and widths stay reasonably close, see Tab. 1. The low-energy part shows further devitations which are particularly large for the g. s. as compared to excited states: the transition energy of the lowest 1 -reduces with excitation energy of the initial state due to the availability of many final states at higher energies. The energy-weighted sum of B(E1) (for E γ =0-10MeV) grows with excitation energy due to the same reason. These effects appear common to E1 and to M 1 transitions from previous CI calculations [39,40]. In the temperature-dependent QRPA calculations from [20], the largest deviations from the BAH were also noted at low energy for the g.s. γ-SF.

Moving to 26 Ne, E1 distributions also have similar widths and centroids: the conspicuous deviation concerns the lowest energies where pygmy peaks are visible only for the g.s. Contrary to the 22 Ne case, the energy-weighted sum of B(E1) to E γ =10MeV is the largest for the g.s., due to the presence of a first significant transition at 4.6MeV and a collection of strong transitions around 7-9MeV, well visible as a pygmy peak in Fig. 3. The same effect occurs in 28 Ne and in the even-odd 27 Ne where a clear peak around 7-9MeV can be observed in the g.s. distribution in Fig. 3. In spite of variations noted in the energy-weighted sums, the summed low-energy strength remains similar for various initial states. This is caused by the availability of many opposite parity states in the E γ =0-10MeV interval when increasing excitation energy of the initial state: taking 26 Ne as example, there are 14 1 -states up to 10 MeV above the g.s. but 49 states up to 10 MeV above the 0 + 2 . However, the strongest transition from the g.s. reaches 0.1e 2 f m 2 while from the 0 + 2 maximally 0.04e 2 f m 2 . Transitions connecting 0 + 2 with 1 -states around 8-10 MeV excitation energy are weak, leading to the summed strength of only 0.068e 2 f m 2 , one order of magnitude lower than for the g.s. This difference in magnitude has to be related to the particular structure of initial states: The major com-

ponent in 0 + 1 in 26 Ne is 53% of ν(s 1/2 ) 2 configuration while in 0 + 2 43% of ν(d 3/2 ) 2 .
In 28 Ne, the first 0 + is composed of 78% of ν(s 1/2 ) 2 (d 3/2 ) 2 configuration while the second 0 + has only 31% of the dominant component of the same type. Large contributions to the pygmy peaks related e.g. to ν2s 1/2 → 2p transitions are thus smaller in excited states with respect to the g.s. As building of subsequent excited states requires more and more configuration mixing, the decrease of the PDR strength on excited states obtained here could be expected in other regions of nuclei as well: In [41] a reduction of the PDR strength with temperature was noted in open-shell Ni isotopes in QRPA calculations with Skyrme forces in the temperature range T <1MeV and this due to decreasing pairing correlations.

Table 1. Characteristics of the E1 distributions in selected states and nuclei: transition energy of the first peak with B(E1) > 0.001e 2 f m 2 , centroid, width, sum of strength and of energy-weighted strength in the Eγ=0-10MeV interval. To evaluate the importance of the above-found deviations from the BAH, different microscopic γ-SF were used as input to calculations of NCCS. In Fig. 4 E1 γ-SF of 26 Ne (panel (a)) and the NCCS (panel (b)) of the 25 Ne(n, γ) 26 Ne reaction are shown. First, CI photoabsorption γ-SF on g.s. and a few excited states are used in calculations: the lowest NCCS is obtained with the g.s. γ-SF and is connected to the lack of the low-energy γ-ray transitions when compared to the γ-SF of excited states. The PDR present in the g.s. γ-SF appears to have no influence in the NCCS calculation as the transition energies related to PDR of the order of 7-9MeV are located above neutron thresholds of nuclei studied here: 5.56MeV in 26 Ne, 1.5MeV in 27 Ne and 3.89MeV in 28 Ne. On the contrary, shifting of the γ-strength to lower energies observed for the excited states appears of substantial impact: At incident neutron energy E n = 100keV the differences between theoretical NCCS using the γ-SF of the g.s. and of excited states range from factor 3 for 21 Ne and 25 Ne targets up to 8 for 26 Ne target. Using the QRPA γ-SF from [36] underestimates up to a factor 60 the CI results due to the absence of any transitions below 10MeV, see Fig. 1.
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One should note that computing (n, γ) reaction rates using the microscopic photoabsorption γ-SF requires that photoabsorption and deexcitation strengths are the same. This was shown incorrect in CI calculations [21,39] which inspired low-energy corrections of QRPA γ-SF in [22]. The deexcitation CI γ-SF from Eq. 3 is shown in Fig. 4 as well as the resulting NCCS (results denoted as CI, decay): the difference between deexcitation γ-SF and photoabsorption on the g.s. gives a factor 2 deviation in NCCS at E n = 100keV in the case shown in Fig. 4 and up to a factor 10 difference for the NCCS of the 26 Ne(n, γ) 27 Ne reaction. Empirically modified QRPA γ-SF from Ref. [22] is also displayed: The corresponding NCCS appears to be in fair agreement with the CI contrary to the case of using "bare" QRPA photoabsorption γ-SF from [36].

Once converted to the same units, photoabsorption M 1 γ-SF are an order of magnitude lower than those for E1 and do not influence the computed NCCS. This is however not true for the deexcitation strengths at low γ energies where strong M 1 transitions compete with E1, enhancing further the cross sections with respect to those based on the g.s. photoabsorption γ-SF (see Refs. [25][26][27]21,28] for the low-energy enhancement of M 1 radiation). One can thus conclude that violation of the BAH for dipole transitions at low energies leads systematically to an underestimation of the NCCS computed with the photoabsorption γ-SF of the g.s.

Present results confirm previous, seemingly contradictory theoretical findings: it is verified that the E1 SR remain constant in a large range of excitation energy as found in previous CI studies [19] but the details of γ-SF are different at low energy, with a largest discrepancy for the g.s., in agreement with temperature-dependent QRPA calculations [20]. It is thus confirmed that the BAH may hold for the GDR but not in the low-energy range where the dipole strength is shifted down in γ energy for excited states. The CI deexcitation γ-SF is also shown to be larger than the absorption on the g.s. which leads to lower NCCS computed using the latter. Employing QRPA γ-SF with empirical zero-energy limits leads to a reasonable agreement with calculations using fully microscopic deexcitation γ-SF from the CI in Ne isotopes.

The BAH in the PDR region appears broken in Ne isotopes: The PDR is shown to be the property of the g.s. E1 strength distributions only. Even though the accumulated B(E1) strength per γ-energy interval remains similar for various initial states, large B(E1) transitions around 8-10MeV of excitation energy, characteristic for the PDR, are no longer present in the strength distributions on excited states. The spreading of the low-energy strength in Ne isotopes is understood due to the increased configuration mixing in the excited states on which the resonances are built and as such could be common also to other nuclei with PDR. Temperature-dependent QRPA calculations could be pivotal to probe this behavior in this and other isotopic chains.
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 1 Fig. 1. Sum of low-energy E1 strength (upper panel) and energy of the first 1 -state with significative B(E1) transition to the g.s. (lower panel) along the Ne chain. CI results (squares) are compared to QRPA results (open circles) from [36].
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 2 Fig. 2. Sum rule (SR) dependence on excitation energies (panels (a) and (b)) and on spins of initial states (panels (c) and (d)) in selected nuclei. The units are (e 2 f m 2 ) for E1 and (µ 2 N ) for M 1 strengths. Both 1hω (bullets) and 3hω (open circles) CI results are reported.

Fig. 4 .

 4 Fig. 4. Panel (a): microscopic E1 dipole γ-SF (fE1) in 26 Ne used in the calculations of neutron capture cross sections (σ) of the 25 Ne(n, γ) 26 Ne reaction shown in panel (b). En stands for the incident neutron energy. Vertical line in panel (a) indicates the neutron separation energy. See text for more details.
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