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Abstract The electric E1 and magnetic M1 dipole responses of the N = Z nucleus 24Mg were investigated
in an inelastic photon scattering experiment. The 13.0 MeV electrons, which were used to produce the
unpolarised bremsstrahlung in the entrance channel of the 24Mg(γ, γ′) reaction, were delivered by the ELBE
accelerator of the Helmholtz-Zentrum Dresden-Rossendorf. The collimated bremsstrahlung photons excited
one Jπ = 1−, four Jπ = 1+, and six Jπ = 2+ states in 24Mg. De-excitation γ rays were detected using
the four high-purity germanium detectors of the γELBE setup, which is dedicated to nuclear resonance
fluorescence experiments. In the energy region up to 13.0 MeV a total B(M1) ↑= 2.7(3) µ2

N is observed,
but this N = Z nucleus exhibits only marginal E1 strength of less than

∑
B(E1) ↑≤ 0.61 × 10−3 e2fm2.

The B(Π1, 1πi → 2+1 )/B(Π1, 1πi → 0+gs) branching ratios in combination with the expected results from the
Alaga rules demonstrate that K is a good approximative quantum number for 24Mg. The use of the known
ρ2(E0, 0+2 → 0+gs) strength and the measured B(M1, 1+ → 0+2 )/B(M1, 1+ → 0+gs) branching ratio of the
10.712 MeV 1+ level allows, in a two-state mixing model, an extraction of the difference ∆β2

2 between the
prolate ground-state structure and shape-coexisting superdeformed structure built upon the 6432-keV 0+

2

level.

PACS. 2 0.21.10.Ky, 20.21.10.Pc, 20.21.10.Tg, 20.25.20.Dc, 20.27.30.+t
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1 Introduction

Because they can act as doorway states in particle-capture
reactions, the structure of low-spin states in light nuclei
are of interest in modeling the burning cycles of massive
stars in in their final days [1,2]. Particularly interesting
are natural parity states for (α, γ) capture reactions of
the spin-less α particle and in (p, γ) proton-capture re-
actions. For the latter reaction the capture states with
J = J0±1/2, where J0 ground-state angular momentum of
the capturing odd-mass nucleus and the 1/2 represents the
spin of the proton, are favored. If such levels are situated
just above the respective threshold for α-particle or proton
evaporation, a substantial enhancement of the radiative
capture rate can be expected. In this energy region the
convolution of the capture cross section and the Maxwell-
Boltzmann-shaped particle-energy distribution opens the
Gamow window for sizeable reaction rates.

As evidenced by its enhanced natural abundance, 24Mg
is an important stepping stone in the burning processes of
heavier stars. For this nucleus the evaporation thresholds
areQα = 9316.55(1) keV for α particles, Sp = 11692.69(1) keV
for protons, and Sn = 16531.6(7) keV for neutrons [3].
Hence, the 0+, 1−, and 2+ natural parity levels above Qα

will influence the (α, γ) capture rates. Given the ground-
state spin of Jπ

0 = 3/2+ [4], the s-wave capture of the
23Na(p, γ) and 23Na(p, α) reactions will be strongly influ-
enced by 1+ and 2+ states. Of course, one condition for
these levels to be a doorway for a particle-capture reac-
tion is a γ-ray branch to a lower-lying particle-bound state
that stabilises the final nucleus against subsequent parti-
cle emission. For the inverse reaction of photodissociation,
the energies of photo-excitable levels, especially J = 1
states, their ground-state excitation width and particle-
decay branching ratio are important.

An experimental tool, which can be used to obtain de-
tailed spectroscopic information for low-spin states is the
scattering of real photons, the so-called nuclear resonance
fluorescence (NRF) process [5,6]. Due to the low momen-
tum of photons, this reaction limits the angular momen-
tum transfer to a good degree to 1 ~ of the photon in-
trinsic angular momentum and, less probable, one further
unit. Hence, for even-even nuclei this technique is perfectly
suited to investigate levels with Jπ = 1−, 1+, and 2+.
Indeed, a previous 24Mg(γ, γ′) experiment [7] has shown
the existence of strongly excited 1+ states at excitation
energies of 9827(3) keV, 9967.5(10), and 10713.0(7) keV.
However, due to its focus on M1-strength in sd-shell nu-
clei, no data for 1− levels and possibly excited 2+ states
is presented in Ref. [7]. It is the intention of this work to
provide this additional information.

From a nuclear structure point of view, the E1 strength
to Jπ = 1− levels below the Isovector Giant Dipole Res-
onance [8,9] is of interest as several mechanisms are pro-
posed to generate the necessary division of center-of-charge
and center-of-mass. Clearly, the underlying shell structure
plays a role; for sd-shell nuclei, for which no intruder shell
can contribute the opposite parity, one-particle one-hole
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cross-oscillator shell excitations are necessarily involved
in a negative-parity excitation. Hence, the number of mi-
croscopic configurations is comparably low and the emer-
gence of collective structures such as an eventual toroidal
mode can be studied (see Ref. [10] and references therein).
The latter argument assumes that for N = Z nuclei the
neutron-skin mode of the Pygmy Dipole Resonance [11,
12] is excluded.

A prolate deformed structure is assigned to the ground
state of 24Mg (e.g., see Refs. [10,13] and references therein).
While the E4+1

/E2+1
= 3.01 ratio would appear to sup-

port rotational character, it is still significantly different
from the rotational value of 3.33. However, there is evi-
dence that, due to mixing with the 6432-keV 0+2 state the
0+gs level is shifted to lower energy, and, consequently, the
E4+1

/E2+1
ratio is affected. Nevertheless, the present static

deformation implies that the projection K of the angu-
lar momentum J on the body-intrisic symmetry axis is a
good quantum number and, consequently, the Alaga rules
[14] are valid. For the decay of an initial state |JiKi⟩ to
the two final states |Jf1Kf1⟩ and |Jf2Kf2⟩, which must
be members of the same rotational band, the Alaga rules
define a branching ratio RAl:

RAl =
B(ΠL,Ji→Jf1)
B(ΠL,Ji→Jf2)

=
|⟨JiKi∆J∆K|Jf1Kf1⟩|2
|⟨JiKi∆J∆K|Jf2Kf2⟩|2 .

(1)

In the specific case of a J = 1 level, which is connected
via dipole transitions to the final levels Jf1 = 2+ and
Jf2 = 0+, which are members of a K = 0 ground-state
band, RAl is

RAl =
|⟨1Ki1∆K|20⟩|2

|⟨1Ki1∆K|00⟩|2
=

{
2 for Ki = 0
0.5 for Ki = 1

. (2)

Indeed, for well-deformed nuclei in the rare-earth region,
NRF experiments have shown that for the majority of
J = 1 states RAl is distributed around the expected values
(e.g., see Ref. [15]).

Furthermore, in 24Mg shape coexistence [16] between
the prolate ground-state band and a super-deformed band
built on the first excited 0+2 level at 6432 keV has been
proposed [13]. Using the approach as outlined in Ref. [17],
the R0 = B(M1, 1+i → 0+2 )/B(M1, 1+i → 0+gs) branching

ratio of a 1+ level to the two shape-coexisting 0+ lev-
els can be exploited to extract the mixing coefficients.
Together with the difference in the square of the defor-
mation parameter ∆β2

2 , these coefficients determine the
ρ2(E0) strength (e.g., see Eq. (45) in Ref. [13]). Hence,
the known ρ2(E0, 0+2 → 0+gs) × 103 = 380(70) value [18]
and the measured R0 branching ratio permit a model-
dependent extraction of ∆β2

2 .

2 Experiment

The experiment was conducted at the ELBE accelerator of
the Helmholtz-Zentrum Dresden-Rossendorf and used the
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Figure 1. Spectrum resulting from the addition of the spectra
recorded in the detectors at θ = 127◦. 11B marked peaks belong
to transitions of the photon-flux calibration standard boron-
11, 16O marks transitions of oxygen-16, and asterisks indicate
single- and double-escape peaks. The enlarged parts (a), (b),
and (c) of the γ-ray spectrum include low-intensity peaks of
newly observed γ rays.

γELBE setup [19] for photon detection. The bremsstrahlung
photons in the entrance channel were produced by bom-
barding a thin niobium radiator target with a beam of
13.0 MeV electrons. Typical beam currents were 425 µA
over an accumulated total beam time of approximately
126 hours.

The bremsstrahlung photons enter the γELBE cave
via a circular hole in a 2.6 m thick collimator made of
aluminium. The γELBE setup consists of four high-purity
germanium detectors (HPGe), with two detectors posi-
tioned at θ = 90◦ and two detectors placed at θ = 127◦

with respect to the momentum direction of the photon
beam. All detectors have a γ-ray detection efficiency of
approximately 100 % relative to the 3′′ × 3′′ NaI calibra-
tion standard. Each detector was equipped with an active
anti-Compton shield. The target to detector distance was
approximately 28 cm for the 90◦ detectors and 32 cm for
the 127◦ detectors. Each 90◦ detector covers an angular
range of ∆θ = 16◦ and the 127◦ detectors an interval of
∆θ = 14◦. In order to keep the detector counting rate
at ≈10 kHz and reduce the probability of pile-up events,
low-energy γ- and X-ray radiation was suppressed by at-
tenuators between target and detector. For the two 90◦

detectors, the attenuators had thicknesses of 8 mm of nat-
ural Pb and 3 mm of Cu, while for the 127◦ detectors the
attenuators consisted of 3 mm of Pb and 3 mm of Cu.
The relative γ-ray detection efficiency was simulated us-
ing the GEANT software package [20]. A spectrum, cre-
ated by adding the two spectra recorded in the detectors
positioned at θ = 127◦, is shown in Fig. 1.

Figure 2. Photon-flux distribution Nγ(Eγ) represented by
the Schiff formula, which is error-weighted fitted to the exper-
imental points of the well-known transitions of 11B. Note the
logarithmic scale on the y axis.

In order to minimize absorption effects of the γ rays
within the target, it was rotated relative to the incoming
photon beam and the front planes of the detectors. The
target was made of two discs each of 20 mm diameter. One
disc consisted of 3261.1(5) mg of magnesium oxide (MgO).
The magnesium was enriched to 99.84 % in the A = 24 iso-
tope . The other disc was made of 300.0(5) mg of enriched
(99.5 %) 11B. The well-known transitions from photo-
excited levels of 11B [21,22,23,25] serve as a photon-flux
monitor. This target allows a relative measurement to be
made and removes the need to determine absolute γ-ray
detection efficiencies ϵabs(Eγ) and an absolute photon flux
Nγ,abs(EL). The photon-flux distribution for a thin radi-
ator target is described by the Schiff-formula. An error-
weighted fit of this distribution to the experimental points
of levels of 11B is shown in Fig. 2. Typical uncertainties in
fit of the photon flux were ≈ 2 %; However, to account for
systematic effects, such as an extended radiator target or
uncertainties with the photon-beam end point, a systemtic
uncertainty was added. Within the energy range covered
by the photo-excited levels of 11B (4444 keV - 8920 keV)
a relative uncertainty of 5 % and outside this range 10 %
were assumed for the photon flux.

The energy-integrated scattering cross section, IS,f , for
a γ-ray transition to the final level, f , is related to exper-
imental quantities

IS,f ∝ 1

nT

A

ϵ(Eγ) ·Nγ(EL) ·W (θ)
, (3)

namely, the number of target nuclei nT , the peak area A,
the angular distribution function W (θ), the relative γ-
ray detection efficiency ϵ(Eγ), and the relative photon
flux Nγ(EL) at the energy of the photo-excited level EL.
Henceforth, energy integrated will indicate that the cross
section is integrated over the energy range of the reso-
nance with total decay width Γ =

∑
f Γf , corresponding

to the sum over the partial decay widths Γf for the f decay
channels. The relationship between IS,f and the resonance
widths is given as



4 J. Deary et al.: Photo-response of the N = Z nucleus 24Mg

Table 1. Calculated angular distribution functions W (θ)
for the cascade Jπ

1 → Jπ
2 → Jπ

3 . The angle intervals are
W (90◦) : 82◦ − 98◦ and W (127◦) : 120◦ − 134◦. If a cascade
allows a mixed transition multipolarity, the ’pure’ multipolar-
ities ΠL1→2 and ΠL2→3 are indicated. Finally, the expected
ratio R = W (90◦)/W (127◦) is given.

J1-J2-J3 ΠL1→2-ΠL2→3 W (90◦) W (127◦) R

0-1-0 Π1-Π1 0.755 1.022 0.74

0-2-0 E2-E2 1.226 0.570 2.15

0-1-1 Π1-Π1 1.123 0.989 1.14

0-1-1 M1-E2 1.123 0.989 1.14

0-1-2 Π1-Π1 0.975 1.002 0.97

0-1-2 M1-E2 0.877 1.001 0.88

0-2-2 E2-M1 0.877 1.001 0.88

0-2-2 E2-E2 1.152 0.869 1.33

0-2-3 E2-M1 1.035 0.997 1.04

0-2-3 E2-E2 1.071 1.022 1.05

IS,f = π2

(
~c
EL

)2

gΓ0
Γf

Γ
, (4)

where EL is the level energy, g = (2JL + 1)/(2J0 + 1) a
statistical factor, Γ0 the ground-state width of the exci-
tation path, and Γf/Γ the branching ratio of the partial
decay width Γf and total decay width Γ for the decay
path. Considering that the partial decay width Γf ∝ IS,f
scales with the energy-integrated scattering cross section
and the relation τ = ~/Γ , the level lifetime τ can be ob-
tained and, subsequently, the reduced transition probabil-
ities B(ΠL, Ji → Jf ) determined.

In this work, for a peak to be recognised as such,
the following sensitivity limits were applied. If the aver-
age background exceeded 20 counts per channel, a Gaus-
sian background distribution was assumed, and it was de-
manded that the peak area is larger than three standard
deviations of the underlying background. If the average
background was less than 20 counts per channel, a Pois-
son distributed background was assumed and a minimum
peak area of five standard deviations required.

As mentioned above, in NRF experiments involving
an even-even nucleus, states with the angular momentum
and parity quantum numbers Jπ = 1± and Jπ = 2+

can be populated starting from a 0+ ground state. In a
0+ → Jπ → 0+ cascade. The ratio of the possible angu-
lar distribution functions W (θ) differs most for the angles
θ1 = 90◦ and θ2 = 127◦; hence, the detectors were po-
sitioned at those angles. This measurement permits an
assignment to be made or, if known, confirmation of the

level spin. The theoretically calculated values W (θ) for the
detector angular acceptance ∆θ are presented for several
possible cascades in Table 1. In addition, the calculated
W (90◦)/W (127◦) ratios are presented.

Concerning the assignment of the K quantum numbers
via the Alaga rules [14], the value RAl,exp can be related
to experimental quantities. Starting from a level Ji to two
final levels Jf1 and Jf2 of the same rotational band RAl,exp

is calculated as

RAl =
Γf1

Γf2
·
E2L+1

γ,f2

E2L+1
γ,f1

, (5)

where, Γfi(i = 1, 2) is the decay width for the decay chan-
nel fi, Eγ,fi is the γ-ray energy for the decay channel fi,
and L represents the transition multipolarity. If the ini-
tial level is a state with Ji = 1, the transition must be a
dipole ΠL = Π1 to the two final levels with Jf1 = 2+ and
Jf2 = 0+ of the ground-state rotational band. However,
in the determination of a decay width via the total decay
width Γ =

∑
n Γn, the additional uncertainty of the other

γ-ray transition enters. In the ratio of the Alaga rules,
the total decay width cancels. Furthermore, for two arbi-
trary decay channels k and l from the same level, the ratio
Γk/Γl = IS,k/IS,l of partial decay widths Γf equals the ra-
tio of the energy-integrated scattering cross sections IS,f .
Hence, for the practical determination of the branching
ratio RAl

RAl =
IS,f1
IS,f2

·
E2L+1

γ,f2

E2L+1
γ,f1

(6)

the use of the integrated scattering cross sections IS,fi re-
sults in more accurate values. If RAl matches the values
given Eq. 2, a K quantum number can be assigned. Any
eventual deviation from these optimal branching ratios in-
dicates either K mixing or a deviation from the condition
of the validity of the Alaga rules, which means the con-
sideration of the nucleus as a well-deformed rotor.

3 Results

The excellent background conditions at the γELBE setup
allowed the identification of many transitions. Besides the
desired transitions from 24Mg, transitions associated with
the photon-flux calibration standard 11B were identified as
well as 16O. Furthermore, the spectra recorded in the de-
tectors at θ = 127◦ contained several low-intensity peaks
that could be identified as belonging to 208Pb [24]. These
γ rays originate from the 208Pb(γ, γ′) reaction with the
scattered beam in the shielding of the beam dump. While
the 90◦ detectors were actively shielded in this direction,
the anti-Compton shield of the 127◦ detectors has neces-
sarily an opening at these angles. Hence, these γ rays are
solely observed in the 127◦ detectors or exhibit a vanish-
ing W (90◦)/W (127◦) ratio. Interestingly, a transition at
11442 keV [W (90◦)/W (127◦) = 0.31(12)] was identified
from the 11450-keV level in 208Pb [24]. Furthermore, de-
spite the fact that no level in 208Pb is known near the
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Figure 3. Ratio W (90◦)/W (127◦) of the angular distribution
function at the two angles 90◦ and 127◦, where the detectors
were positioned. In addition to the transitions attributed to
24Mg, ratios of transitions from 11B and 16O are shown. Full
circles indicate transitions which connect a level in 24Mg to the
ground state and open circles represent transitions that end in
a lower-lying excited state.

position of a transition at 11324 keV, due to the ratio
W (90◦)/W (127◦) = 0.27(31), it is very likely attributed
to depopulate a level in 208Pb near 11330 keV.

The W (90◦)/W (127◦) ratio for each observed γ ray
is presented in Table 2 and is shown, together with val-
ues for transitions of 11B and 16O, in Fig. 3. The γ rays
are presented together with the energies of the levels they
have been assigned to. Additionally, the level spin from
the literature [3] is given. The presented γ-ray energies
are corrected for recoil effects associated with the mo-
mentum transfer in the absorption as well as emission
processes. For all of the stronger excited levels of these
two reference isotopes, good agreement with the expected
values is achieved. For 24Mg, the level spins as found in
the literature are confirmed. In principle, for transitions
to lower-lying excited states that are possibly of mixed
multipolarity, the W (90◦)/W (127◦) ratio can be used to
determine multipole-mixing ratios. However, for NRF the
relative uncertainties, which usually exceed 10 %, prevent
such a measurement, at least within a meaningful range
for the multipole-mixing ratio δ. Nevertheless, in the last
column of Table 2, the more likely combination of transi-
tion multipolarities is indicated; the angular distribution
values associated with this combination were used to cal-
culate the energy-integrated scattering cross section IS,f
(see Eq. 3).

Table 3 contains for each transition the extracted energy-
integrated scattering cross section IS,f , calculated decay
width Γf , and reduced transition probability B(ΠL) ↓.

For several levels, feeding transitions from higher-lying
levels are observed. Basically, there are two scenarios. First,
the level was exclusively populated by feeding and, conse-
quently, in Table 3, no Is,f and subsequent quantities are
given. Second, if a level was populated by photon scat-
tering from the ground state as well as feeding, the IS,f
is given as an upper limit, which is here the sum of the

calculated value plus the uncertainty. The set of measured
IS,f values was used to calculate the partial decay widths
Γf for the observed γ rays, and, subsequently, the level
lifetime, τ , and reduced transition probabilities between
the photo-excited level and the lower-lying final state. For
none of the transitions connecting two positive parity lev-
els is an E2/M1 multipole-mixing ratio, δ, known. Conse-
quently, for all those transitions the two possible reduced
transition probabilities B(ΠL) ↓ are calculated and given
as upper limits. For these limits, the calculated values are
presented with the uncertainties given separately.

The inserts (a), (b), and (c) of Fig. 1 show peaks at
2964.7(9), 4280.0(8), and 6473.4(7) keV, which are identi-
fied as newly observed transitions from the 10712.3(5)-keV
Jπ = 1+ level of 24Mg. These transitions were assigned to
this level using Ritz’s variational principle and the known
energies of the low-lying levels [3]. All other observed tran-
sitions associated with 24Mg were previously known [3].

The observation of known transitions depopulating the
2+ level at 10729 keV without observing the ground-state
decay is rather unusual. However, the low-intensity peak
corresponding to the ground-state decay is hidden in the
high-energy tail of the 10712-keV peak, which dominates
the recorded spectra. The reduced peak-to-background ra-
tio does not allow for an identification of the peaks of the
ground-state transition. Furthermore, since this branch-
ing ratio is also not given in the literature, no subsequent
quantities can be deduced for the transitions depopulating
this level. Nevertheless, in the future, once this branching
ratio has been determined, the energy-integrated cross sec-
tions for the other transitions given in Table 3 will allow
a calculation of quantities such as the decay width, level
lifetime, and reduced transition probabilities.

In Table 4 the extracted level half-lives, T1/2, are com-
pared to those found in the literature, T1/2,lit, [3]. Interest-
ingly, while most extracted half-lives agree well with the
adopted values [3], those for the 1+ levels disagree. Those
extracted in this work are approximately 30% longer than
previously published values [7].

4 Discussion

In the literature [3,10], several Jπ = 1− levels are known
in 24Mg. Since NRF is very sensitive to these levels, they
should be excited if their B(E1, 0+ → 1−) strength is
sizeable. However, only γ rays arising from the 1− level
at 8437 keV were statistically significant in the measured
spectra. None of the γ-ray transitions from other known
1− states were observed. In order to obtain at least an
upper limit for the B(E1) ↑ strength, the sensitivity limit
at the energy position of the ground-state decay and the
ground-state branching ratio as found in the literature [3]
were used to calculate an upper limit for the B(E1) ↑
strength. The corresponding data are given in Table 5.

Interestingly, this N = Z nucleus does not exhibit not-
icable low-lying E1 strength. The upper limit is B(E1) ↑≤
0.61 × 10−3 e2fm2. Of course, for the levels above the
9316.55-keV threshold for α-particle emission, possible de-
population via α-particle emission cannot be ruled out, es-



6 J. Deary et al.: Photo-response of the N = Z nucleus 24Mg

Table 2. The first two columns present the energy, Ei, and spin-parity combination, Jπ
i , of the initial level, respectively. In

column three the energy of the observed γ ray Eγ is given. Column four presents the spin and parity Jπ
f of the final level. The

spins and parities are taken from Ref. [3]. The measured ratio W (90◦)/W (127◦) of the angular distributions at 90◦ and 127◦,
respectively, are also presented. If no W (90◦)/W (127◦) ratio is given, the γ ray was only observed in the detectors positioned
at 127◦. The multipolarities of the transitions used in the calculation of the energy-integrated scattering cross section are also
presented.

Ei Jπ
i Eγ Jπ

f W (90◦)/W (127◦) Π1L1-Π2L2

[keV] [keV]

1368.672(5)a 2+ 1368.626(5)a 0+ 1.13(8) 18.5 % E2-E2 + 81.5 % isotropic

4238.8(7) 2+ 4238.6(6) 0+ 1.41(14) 50 % E2-E2 + 50 % isotropic
2870.3(8) 2+ 0.93(20) 50 % E2-E2 + 50 % isotropic

5235.0(10) 3+ 3866.3(10) 2+ 0.7(5) isotropic

6432.3(7) 0+ 5063.6(7) 2+ 1.10(22) isotropic

7348.2(7) 2+ 7348.5(9) 0+ 1.9(5) E2-E2
5979.3(8) 2+ 1.1(3) isotropic

7747.5(12) 1+ 7748.1(21) 0+ M1-M1
6378.3(9) 2+ 1.0(4) M1-M1

8437.2(9) 1− 8438.7(9) 0+ 0.8(2) E1-E1
7067.1(14) 2+ 1.6(9) E1-E1

9003.7(10) 2+ 9003.9(19) 0+ 2.8(20) E2-E2
7633.6(13)b 2+ 1.9(8) E2-E2
4882.3(17) 2+ 0.5(4) E2-M1

9828.5(7) 1+ 9828.5(12) 0+ 0.73(8) M1-M1
8459.8(7) 2+ 0.87(12) M1-E2

9967.7(7) 1+ 9967.8(12) 0+ 0.72(6) M1-M1
8599.0(7) 2+ 0.96(9) M1-M1

10360.7(13) 2+ 10360.4(19) 0+ 2.4(17) E2-E2
8992.3(15) 2+ 1.2(5) E2-E2

10712.3(5) 1+ 10711.5(11) 0+ 0.72(8) M1-M1
9343.6(12) 2+ 0.96(13) M1-M1
6473.4(7) 2+ 1.0(3) M1-M1
4280.0(8) 0+ 0.6(3) M1-M1
2964.7(9) 1+ 0.7(3) M1-M1

10729.4(11) 2+ 9361.3(16) 2+ 0.6(3) E2-M1
6491.3(14) 2+ 0.8(7) E2-M1
5493.5(22) 3+ 0.6(6) E2-M1

aValue from Ref. [3].
bPeak may be contaminated.

pecially when considering natural parity states. However,
given the need for the α particle to tunnel through the
≈5.6 MeV high Coulomb barrier and that a photo-excited
level must have a γ-ray decay channel, the non-observation
of these γ rays indicates negligible E1 strength. Given the
11692.7 keV proton separation energy [3] and the pos-
itive parity of the Jπ = 3/2+ 23Na ground state, the

proton-emission channel can be excluded for the 1− lev-
els in Table 5. In the adjacent even-even nucleus 26Mg
a total of

∑
B(E1) ↑= 25(2) × 10−3 e2fm2 [26] is ob-

served. The 26Mg(γ, γ′) experiment was also conducted
at the γELBE setup and used a similar end-point energy.
Hence, the experimental sensitivity is practically identi-
cal. Consequently, experimental reasons can be ruled out
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Table 3. The table presents the energy of the initial level, Ei, and its spin and parity, Jπ
i , the γ-ray energy Eγ , the spin

and parity, Jπ
f , of the final level, the measured energy-integrated cross section, Is,f , and the calculated reduced transition

probabilities B(M1) ↓, B(E2) ↓, and B(E1) ↓. All spins and parities are taken from the NNDC database [3]. For levels that are
clearly fed by higher-lying levels, Is,f is given only as an upper-limit. If for a parity-conserving transition no multipole-mixing
ratio, δ, is known, both possible reduced transition probabilities are given as upper limits.

Ei Jπ
i Eγ Jπ

f Is,f Γf B(M1) ↓ B(E2) ↓ B(E1) ↓
[keV] [keV] [eV·b] [meV] [µ2

N ] [e2fm4]a [10−6e2fm2]

1368.672(5)b,c 2+ 1368.626(5)b,c 0+ < 62 < 6.0 < 1480

4238.8(7)c 2+ 4238.6(6) 0+ < 7.7 < 9.6 < 9.4
2870.3(8) 2+ < 2.3 < 2.9 < 0.00002d < 19d

5235.0(10)e 3+ 3866.3(10) 2+

6432.3(7)e 0+ 5063.6(7) 2+

7348.2(7) 2+ 7348.5(9) 0+ 3.9(6) 19(5) 1.1(3)
5979.3(8) 2+ 3.0(5) 15(4) ≤ 0.006(2) ≤ 2.4(6)

7747.5(12)c 1+ 7748.1(21) 0+ < 1.3 < 28 < 0.0054
6378.3(9) 2+ < 3.2 < 84 < 0.027 < 10

8437.2(9) 1− 8438.7(9) 0+ 8.4(13) 61(20) 96(27)
7067.1(14) 2+ 1.4(4) 10(4) 27(10)

9003.7(10) 2+ 9003.9(19) 0+ 2.8(9) 28(14) 0.6(3)
7633.6(13)f 2+ 2.7(6) 27(14) ≤ 0.005(2) ≤ 1.3(5)
4882.3(17) 2+ 1.1(3) 11(6) ≤ 0.008(4) ≤ 5(2)

9828.5(7) 1+ 9828.5(12) 0+ 65(8) 730(130) 0.066(13)
8459.8(7) 2+ 22(3) 242(43) ≤ 0.035(7) ≤ 7(2)

9967.7(7) 1+ 9967.8(12) 0+ 198(22) 2460(380) 0.214(37)
8599.0(7) 2+ 88(10) 1087(168) ≤ 0.148(26) ≤ 29(6)

10360.7(13) 2+ 10360.4(19) 0+ 4.0(12) 68(25) 0.7(3)
8992.3(15) 2+ 8.2(16) 140(50) ≤ 0.017(6) ≤ 3(1)

10712.3(5) 1+ 10711.5(11) 0+ 707(73) 8710(2880) 0.612(154)
9343.6(12) 2+ 141(16) 1734(574) ≤ 0.184(47) ≤ 30(8)
6473.4(7) 2+ 17(3) 211(70) ≤ 0.067(18) ≤ 23(6)
4280.0(8) 0+ 6.1(10) 75(25) 0.083(24)
2964.7(9) 1+ 4.5(9) 55(19) ≤ 0.183(56) ≤ 0.299(91)

10729.4(11) 2+ 9361.3(16) 2+ 9.1(16)
6491.3(14) 2+ 2.3(8)
5493.5(22) 3+ 1.1(5)

a1 e2fm4 ≡ 0.243 W.u.
bValue taken from Ref. [3].
cLevel partially populated by feeding.
dValue calculated using multipol-mixing ratio from Ref. [3].
eLevel exclusively populated by feeding.
fPeak in θ = 127◦ spectrum possibly contaminated.
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Table 4. Comparison of the level half-lives from this work,
T1/2, and the NNDC database values [3], T1/2,lit. If only a
lower-limit is given, this implies that the level was fed from
higher-lying levels.

El Jπi T1/2 T1/2,lit

[keV] [fs] [fs]

1368.7 2+ > 80 1360(30)

4238.7(8) 2+ > 33 45.7(35)

7348.2(7) 2+ 13(3) 6.5(22)

7747.5(12) 1+ > 3.5a 12.5(28)

8437.2(9) 1− 6(2) 9(2)

9003.7(10) 2+ 6(3)a 8.4(12)

9828.5(7) 1+ 0.46(9)a 0.30(7)

9967.7(7) 1+ 0.13(2) 0.071(7)

10360.7(13) 2+ 2.1(6)a 1.0(3)

10712.3(5) 1+ 0.038(9) 0.023(2)

10729.4(11) 2+ 7(3)

aCalculated using additional transitions to lower-lying excited
states recorded in Ref. [3] but not seen in this experiment.

Table 5. Given is the level energy, E1− , of known 1− levels [3,
10], the ground-state branching ratio Γ0/Γ as taken from the
NNDC database [3], the upper limit for the energy-integrated
scattering cross section ≤ Is,0 for the ground-state decay chan-
nel of the 1− level and the upper-limit of B(E1) ↑ strength.
The limits were estimated using the sensitivity limit at the ex-
pected peak position. For the definition of the used sensitivity
limit see the text.

Ea
1− Γ0/Γ Is,0 B(E1) ↑

[keV] [eV·b] [10−6e2fm2]

7555.04(15) 0.47a ≤ 0.8 ≤ 56

8437.2(9) 0.88(9) 8.4(13) 288(81)

9145.99(15) 0.47a ≤ 2.0 ≤ 116

11389.8(11) 0.25a ≤ 1.1 ≤ 26

11864.9(13) 0.57a ≤ 1.1 ≤ 41

aTaken from literature [3,10].

Table 6. Given is the level energy, Elevel, the spin and parity,
Jπ, of the excited level, the experimental branching ratio as
defined in Eq. 6, and the K quantum number assigned using
the values defined in Eq. 2.

Elevel Jπ Ral,exp K
[keV]

7747.5(12) 1+ 4.8(28) (0)

8437.2(9) 1− 0.28(13) 1

9828.5(7) 1+ 0.52(13) 1

9967.7(7) 1+ 0.69(15) 1

10712.3(5) 1+ 0.30(8) 1

and the increase of the E1 strength is clearly linked to the
two additional neutrons and the dynamical division of the
center-of-mass and the center-of-charge induced by them.

Interestingly, compared to Ref. [7] (
∑

B(M1) ↑ =
3.9(5) µ2

N ), the B(M1) excitation strength extracted in
this work,

∑
B(M1) ↑ = 2.7(5) µ2

N , is reduced. However,
no such trend is observed for 26Mg (Ref. [7]:

∑
B(M1) ↑

= 2.9(2) µ2
N and the work at γELBE [26]:

∑
B(M1) ↑ =

2.9(2) µ2
N ). Remarkably, the results for 24Mg and 26Mg

as published in Ref. [7] were obtained at two different fa-
cilities. Given that Ref. [7] does not provide any details
about how the detector efficiencies and photon fluxes were
determined, it is impossible to comment on these values.
One source of systematic error in the present measure-
ment might be the target material, which is hygroscopic.
An eventual contamination of the target material with
water would for the measured mass reduce the number of
target nuclei and, consequently, the extracted scattering
cross section would appear too low. However, the material
was unsealed immediately prior to the weighting process.
Despite these uncertainties, the M1 strength extracted
from the present experiment is comparable with the re-
sults for 26Mg. Given the similar shell structure, for the
Gamow-Teller resonances, a comparable M1 strength can
be expected.

In Table 6, the branching ratios calculated using Eq. 6
are presented for the J = 1 levels. For the 1+ levels the
assumption is made, that the decay to the 2+1 level is of
pure M1 multipolarity. For the assigned 2+ levels, the low
intensity of the transitions originating from these levels
renders such an analysis obsolete. The low-intensity and
associated large uncertainty of the transitions from the
7747-keV level prevent a firm assignment of a K quantum
number; however, the levels at 8437, 9829, and 9968 keV
all exhibit branching ratios that are consistent with an as-
signment of K = 1 within two standard deviations. The
value for the level at 10712 keV is three standard devia-
tions off. Nevertheless, even when assuming an E2 contri-
bution in the decay to the 2+1 level, the branching ratio
clearly favours a K = 1 assignment. The proximity of ex-
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perimental to theroretical branching ratios, as far as the
values have uncertainties within a reasonable limit, can
be seen as a strong indication for the validity of the Alaga
rules and, therefore, the well-deformed nature of 24Mg.

The following discussion concerning the mixing of the
ground state and the first excited 0+ level relies on the
thoughts outlined in Ref. [17]. Given the shape coexis-
tence of the prolate deformed ground state and the su-
perdeformed structure built upon the first excited 0+ level
at 6432 keV [13], the enormous ρ2(E0) value [18] pro-
vides evidence for the mixing of these structures. Hence,
in a naive two-state mixing model, the physically observed
states |0+gs⟩ and |0+2 ⟩ can be written as linear combinations

|0+gs⟩ = cosα|0+prol⟩+ sinα|0+SD⟩

|0+2 ⟩ = − sinα|0+prol⟩+ cosα|0+SD⟩.

Here, α is the mixing angle and sinα and cosα are the
mixing amplitudes. Assuming that the wavefunction of the
10712-keV J = 1 level is dominated by one-particle one-
hole excitations built upon the structure of the ground
state, the observed decay to the 6432-keV level corre-
sponds to the decay to the prolate |0+prol⟩ component mixed
into this level. Hence, the ratio of the mixing amplitudes
can be extracted from the experimental ratio R0 of the
B(M1) transition strengths.

R0 =
B(M1, 1+i → 0+2 )

B(M1, 1+i → 0+gs)
=

[
sinα

cosα

]2
.

Again, as previously mentioned for the Alaga rules, in
the determination of the B(M1) strength, the total decay
width, Γ , and, therefore, uncertainties associated with the
other γ rays depopulating the level of interest enter. To
circumvent these additional uncertainty, the ratio R0 can
be transformed to

R0 =
IS,0+2
IS,0+gs

·
E3

γ,0+gs

E3
γ,0+2

= 0.13+0.05
−0.03,

where the integrated scattering cross sections IS,f with
smaller relative uncertainties enter. This approach results
in mixing amplitudes of cosα = 0.94+0.02

−0.02 and sinα =

0.34+0.05
−0.04, which, when neglecting any form of triaxiality,

enter the equation (see Eq. 45 in Ref. [13])

ρ2(E0) =

(
3Z

4π

)2

cos2 α · sin2 α
(
β2
2,prol − β2

2,SD

)2
.

Here, Z is the proton number and β2,prol and β2,SD are
the quadrupole deformation parameters of the prolate de-
formed ground state and the superdeformed structure, re-
spectively. The extracted mixing amplitudes are remark-
ably close to cosα = 0.96 and sinα = 0.28 [18] extracted
from a shift of the 0+gs relative to the expected position

from the energy pattern defined by the 2+1 , 4
+
1 , and 6+1 lev-

els. Using the experimental value 1000×ρ2(E0) = 380(70)

[18] and the amplitudes extracted from this work, the dif-
ference in β2

2,i is calculated as

|
(
β2
2,prol − β2

2,SD

)
| = 0.67+0.20

−0.14.

Of course, triaxiality was neglected and consequently the
extracted difference of the deformation parameters is over-
estimated. Nevertheless, using the value β2,prol = 0.497(2)

[18,27] for the ground state, results in β2,SD = 0.96+0.30
−0.08

for the deformation parameter of the superdeformed band.
Hence, the present work confirms the results of Ref. [18]
from an independent approach.

5 Summary

The present 24Mg(γ, γ′) experiment revealed only a neg-
ligible amount of E1 strength. This result indicates a link
of low-lying E1 strength and an excess of one species of
nucleons. In comparison to a previous (γ, γ′) experiment
this work provides a ≈ 30 % reduced M1 strength. How-
ever, the present result is comparable to the M1 strength
observed in 26Mg. An application of the Alaga rules in-
dicates that 24Mg is indeed a deformed nucleus and, the
combination of a branching ratio from this work and the
103 × ρ2(E0) value from Ref. [18] allowed a confirmation
of the assignment of a superdeformed nature to the 0+

level at 6432 keV.
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