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Abstract. The validity of the generalized Brink-Axel hypothesis was tested for the first time on
63Ni. This hypothesis is assumed in various experimental methods and nuclear reactions models.
It’s experimental test across the nuclear chart is crucial. The result show the γ-ray strength
function of 63Ni does not depend on the initial excitation energy; supporting the validity of the
generalized Brink-Axel hypothesis. However, it still remains important to test the dependence
of the γ-ray strength function of 63Ni on its final excitation energy as well. This will be done in
future to draw the final conclusion about the generalized Brink-Axel hypothesis on 63Ni.

1 Introduction
As the excitation energy increases to the quasi-continuum region, the level spacing, D, significantly decreases
and the width , Γ, of the quantum states becomes wider. The γ-ray strength function (f (Eγ)) and nuclear level
density (ρ(Ex)) are fundamental quantities that best describe the statistical γ-decay of nuclei excited up to the
quasi-continuum region. The nuclear level density is defined as the number of nuclear states per unit excitation
energy, and it can be estimated with a variety of theoretical models including the constant temperature model [1, 2]:

ρ(Ex) =
1

T
e(Ex−E0)/T (1)

where T is the nuclear temperature, and E0 is a energy shift constant. The γ-ray strength function is defined as
the probability for the nucleus to absorb or emit a γ-ray. It is related to the nuclear level density, average radiative
width of the states and γ-ray energy through [3]:

fJπ (Eγ) =
ΓJπ (Ei, Eγ)ρjπ (Ei)

E2λ+1
γ

(2)

where ΓJπ (Ex,Eγ) is the average radiative width, ρJπ is the nuclear level density, Eγ is the γ-ray energy, λ is
the multipolarity of the γ-ray, and Ei is the initial excitation energy. The γ-ray strength function between the
initial excitation and final excitation energy states is often assumed, based on the generalized Brink-Axel (gBA)
hypothesis [4–6], to be independent of the properties of the states; it only depends on the γ-ray energy. This
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hypothesis is a fundamental assumption in various experimental methods, such as the Oslo Method which has
gained global recognition and used in many studies in the literature [7–10]. It is also used as the fundamental
assumption in large network nucleosynthesis calculations [11]. Therefore, experimental test of the generalized
Brink-Axel hypothesis is important for the reliability of experimental γ-ray strength function data measured using
the Oslo Method and elemental abundances calculated under the assumption that the gBA is true. However, the
gBA has not been tested within 63Ni mass region. In fact, some theoretical and experimental studies have been
found to support the Brink-Axel hypothesis [12–22], while others show results disputing it [23–25]. This work
presents the first test of the generalized Brink-Axel hypothesis in 63Ni. In particular, we tested the variation of the
γ-ray strength function on the initial excitation energies.

2 Methods
The nucleus 63Ni was populated through the 64Ni(p,d) 63Ni∗ reaction. The 64Ni target, with a thickness of 4.56
mg/cm2, was bombarded with a 27.4 MeV proton beam. The beam was delivered by the Separated Sector Cy-
clotron (SSC) at iThemba LABS, which is the only one if its kind in the Southern hemisphere, and has been uti-
lized in numerous studies [26–30]. Particle–γ coincidences were measured using the AFRODITE array [31, 32].
The AFRODITE array was equipped with eight high-purity germanium detectors and two large-volume LaBr3(Ce)
detectors for the detection of γ-rays. Charged particles were detected using a silicon detectors with a ∆E–E con-
figuration, placed downstream of the target. The front detector (∆E) had a thickness of 309 µm, and the back
detector (E) had a thickness of 1041 µm. An aluminium foil of 10 µm thickness was placed in front of the silicon
detector for δ-electron shielding.

Particle–γ coincidences were selected by placing a time gate on the particle–γ time-difference spectrum between
the detection of a γ-ray and a particle. The LaBr3(Ce) data were used in this analysis due to their high γ-ray
detection efficiency. The corresponding (p,d) reaction channel for 63Ni was selected using a graphical cut on the
particle identification (PID) matrix. The deuteron energy deposited in the silicon detector was converted into the
excitation energy of 63Ni using two-body reaction kinematics, and a 2D matrix (excitation energy vs γ-ray energy)
was constructed. Using the LaBr3(Ce) response function simulated for the AFRODITE array with GEANT4 [33],
the γ spectra of 63Ni were unfolded with the unfolding method developed by Ref. [34]. The unfolded γ spectra
were used to obtain the first-generation matrix shown in figure 1 containing primary γ-rays obtained with the first
generation method discussed in Ref. [35]

Figure 1: First generation matrix containing primary γ-rays for 63Ni.

The gBA hypothesis in 63Ni was tested using the method of Ref. [12]. The first-generation matrix in figure 1
contains primary-γ spectra, g(Ei, Eγ), at each initial excitation energies (Ei). The g(Ei, Eγ) are normalized to
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P (Eγ , Ei) through:

P (Eγ , Ei) =
g(Ei,Eγ)

Σg(Ei, Eγ)
(3)

P (Eγ , Ei) is the probability matrix of the nucleus to emit a γ-ray energy (Eγ) from Ei. From the nuclear level
density (ρ), extracted from the Oslo method [31], the transmission coefficient (T ) as function of excitation energy
can be derived as follows:

T (Ei, Eγ) = N(Ei)
P (Eγ , Ei)

ρ(Ef )
(4)

where N(Ei) is the normalization factor to correct for scaling given by [12]:

N(Ei) =

∫ Ei

0
P (Eγ , Ei) dEγ∫ Ei

0
T (Eγ) ρ(Ef ) dEγ

(5)

and Ef is the final excitation energy given by:

Ef = Ei − Eγ (6)

The functional form of the γ-ray strength function (f(Eγ)), at different initial energies is obtained by converting
equation 4 to the following equation:

f(Eγ) =
T (Eγ)

2πE3
γ

(7)

3 Results and discussion
Figure 2 shows γ-ray strength function for 63Ni (black data) at different initial excitation energies, compared with
the γ-ray strength function (blue line) of 63Ni extracted from the entire 3200 keV to 6700 keV excitation energy
region using the standard Oslo Method [31]. The results show that the γ-ray strength function remain the same in
both magnitude and shape at all different initial excitation energies, within the experimental error bars. Therefore,
the data from 63Ni supports the Brink-Axel hypothesis in the quasi-continuum region. These observations are
consistent with previous studies that tested the validity of the gBA [12, 36, 37]. The gBA is fundamental in the
Oslo method analysis [7–10], therefore, these results support the reliability of the Oslo method analysis.

Figure 2: γ-ray strength functions for 63Ni compared and extracted from six different excitation energies.
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4 Conclusion
The γ-ray strength function for 63Ni was extracted at six different initial excitation energies. The results show no
significant variations except with minor statistical fluctuations. These fluctuations, due to fewer statistics in the
extracted region, do not prove against the validity of the generalized Brink-Axel hypothesis. Therefore, the initial
excitation energy data in 63Ni, support and validate the generalized Brink-Axel hypothesis. In future, we shall
conclude the analysis by testing the variation of the γ-ray strength function of 63Ni on the final excitation energies.

5 Acknowledgements
The authors would like to thank iThemba LABS for beam time and the University of Johannesburg. This material
is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics
under Contract No. DE-AC02-05CH11231.

References
[1] T. Ericson, “The statistical model and nuclear level densities,” Advances in Physics, vol. 9, no. 36, pp.

425–511, 1960. [Online]. Available: https://doi.org/10.1080/00018736000101239

[2] A. Gilbert and A. G. W. Cameron, “A composite nuclear-level density formula with shell corrections,” Can.
J. Phys., vol. 43, no. 8, pp. 1446–1496, 1965. [Online]. Available: https://doi.org/10.1139/p65-139

[3] G. A. Bartholomew, E. D. Earle, A. J. Ferguson, J. W. Knowles, and M. A. Lone, “Photon strength functions
from (p,γ) reactions,” vol. 7, pp. 229–285, 1973.

[4] D. Brink, “Some aspects of the interaction of light with matter,” 1955.

[5] P. Axel, “Electric dipole ground-state transition width strength function and 7-mev photon interactions,” Phys.
Rev., vol. 126, no. 2, pp. 671–683, apr 1962.

[6] G. Bartholomew, E. Earle, A. Ferguson, J. Knowles, and M. Lone, “Gamma-ray strength functions,” Ad-
vances in Nuclear Physics: Volume 7, pp. 229–324, 1973.

[7] F. Giacoppo, F. L. B. Garrote, L. A. Bernstein, D. L. Bleuel, T. K. Eriksen, R. B. Firestone, A. Görgen,
M. Guttormsen, T. W. Hagen, B. V. Kheswa, M. Klintefjord, P. E. Koehler, A. C. Larsen, H. T. Nyhus,
T. Renstrøm, E. Sahin, S. Siem, and T. Tornyi, “Level densities and thermodynamical properties of pt and au
isotopes,” Phys. Rev. C, vol. 90, no. 5, p. 054330, Nov. 2014.

[8] M. Guttormsen, Y. Alhassid, W. Ryssens, K. O. Ay, M. Ozgur, E. Algin, A. C. Larsen, F. L. B. Garrote, L. C.
Campo, T. Dahl-Jacobsen, A. Görgen, T. W. Hagen, V. W. Ingeberg, B. V. Kheswa, M. Klintefjord, J. E.
Midtbø, V. Modamio, T. Renstrøm, E. Sahin, S. Siem, G. M. Tveten, and F. Zeiser, “Strong enhancement of
level densities in the crossover from spherical to deformed neodymium isotopes,” Phys. Lett. B, vol. 816, p.
136206, 2021.

[9] K. L. Malatji, M. Wiedeking, S. Goriely, C. P. Brits, B. V. Kheswa, F. L. B. Garrote, D. L. Bleuel,
F. Giacoppo, A. Görgen, M. Guttormsen, K. Hadynska-Klek, T. W. Hagen, V. W. Ingeberg, M. Klintefjord,
A. C. Larsen, P. Papka, T. Renstrøm, E. Sahin, S. Siem, L. Siess, G. M. Tveten, and F. Zeiser, “Re-estimation
of 180ta nucleosynthesis in light of newly constrained reaction rates,” Physics Letters B, vol. 791, pp.
403–408, 2019. [Online]. Available: https://www.sciencedirect.com/science/article/pii/S0370269319301674

[10] B. Kheswa, M. Wiedeking, F. Giacoppo, S. Goriely, M. Guttormsen, A. Larsen, F. Bello
Garrote, T. Eriksen, A. Görgen, T. Hagen, P. Koehler, M. Klintefjord, H. Nyhus, P. Papka,
T. Renstrøm, S. Rose, E. Sahin, S. Siem, and T. Tornyi, “Galactic production of 138la: Impact of
138,139la statistical properties,” Physics Letters B, vol. 744, pp. 268–272, 2015. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0370269315002403

[11] W. Hauser and H. Feshbach, “The inelastic scattering of neutrons,” Phys. Rev., vol. 87, pp. 366–373, Jul
1952. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRev.87.366

[12] M. Guttormsen, A. C. Larsen, A. Görgen, T. Renstrøm, S. Siem, T. G. Tornyi, and G. M. Tveten, “Validity
of the generalized brink-axel hypothesis in 238Np,” Phys. Rev. Lett., vol. 116, p. 012502, 2016. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevLett.116.012502

[13] M. Stefanon and F. Corvi, “Resonance neutron capture gamma rays in 177hf,” Nuclear Physics
A, vol. 281, pp. 240–260, 1977. [Online]. Available: https://www.sciencedirect.com/science/article/pii/
0375947477900239

4



[14] S. Raman, O. Shahal, and G. G. Slaughter, “Test of axel-brink predictions by a discrete approach to
resonance-averaged (n, γ) spectroscopy,” Phys. Rev. C, vol. 23, pp. 2794–2797, 1981. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevC.23.2794

[15] S. Kahane, S. Raman, G. G. Slaughter, C. Coceva, and M. Stefanon, “Electric dipole transitions from
neutron capture in 167Er resonances,” Phys. Rev. C, vol. 30, pp. 807–819, 1984. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevC.30.807

[16] M. A. Islam, T. J. Kennett, and W. V. Prestwich, “Radiative strength functions of germanium
from thermal neutron capture,” Phys. Rev. C, vol. 43, pp. 1086–1098, 1991. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevC.43.1086

[17] J. Kopecky and M. Uhl, “Test of gamma-ray strength functions in nuclear reaction model calculations,”
Phys. Rev. C, vol. 41, pp. 1941–1955, 1990. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRevC.
41.1941

[18] T. Koeling, “A calculation of neutron capture γ-ray spectra,” Nuclear Physics A, vol. 307, pp. 139–162,
1978. [Online]. Available: https://www.sciencedirect.com/science/article/pii/0375947478904323

[19] A. Höring and H. A. Weidenmüller, “Gamma emission in precompound reactions. i. statistical model
and collective gamma decay,” Phys. Rev. C, vol. 46, pp. 2476–2492, 1992. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevC.46.2476

[20] J. Z. Gu and H. A. Weidenmüller, “Coulomb excitation of double giant dipole resonances,” Nuclear Physics
A, vol. 690, pp. 382–408, 2001. [Online]. Available: https://www.sciencedirect.com/science/article/pii/
S0375947401003566
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