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Abstract Theelectric £'1and magnetic M 1 dipole responses
of the N = Z nucleus 2*Mg were investigated in an inelas-
tic photon scattering experiment. The 13.0 MeV electrons,
which were used to produce the unpolarised bremsstrahlung
in the entrance channel of the 24Mg(y, y') reaction, were
delivered by the ELBE accelerator of the Helmholtz-Zentrum
Dresden-Rossendorf. The collimated bremsstrahlung pho-
tons excited one J7 = 1, four J* = 11, and six J* = 27T
states in 2*Mg. De-excitation y rays were detected using the
four high-purity germanium detectors of the y ELBE setup,
which is dedicated to nuclear resonance fluorescence experi-
ments. In the energy region up to 13.0 MeV atotal B(M 1)1=
2.7(3) ,u%v is observed, but this N = Z nucleus exhibits

#e-mail: marcus.scheck@uws.ac.uk (corresponding author)

only marginal E'1 strength of less than > B(E1)1< 0.61 x
1073 ¢*fm?. The BUT1, 17 — 2{)/BT1,17 — 0f)
branching ratios in combination with the expected results
from the Alaga rules demonstrate that K is a good approx-
imative quantum number for >*Mg. The use of the known
p*(E0, 05 — 0) strength and the measured B(M 1, 17 —
03)/B(M1, 1T — 0f) branching ratio of the 10.712 MeV
1T level allows, in a two-state mixing model, an extraction of
the difference Aﬂ% between the prolate ground-state structure
and shape-coexisting superdeformed structure built upon the
6432-keV 05 level.
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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 (o, y) capture reactions of the spin-less «
particle and in (p, ) proton-capture reactions. For the latter
reaction the capture states with J = Jy £ 1/2, where Jy
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 «-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, >*Mg
is an important stepping stone in the burning processes
of heavier stars. For this nucleus the evaporation thresh-
olds are Q, = 9316.55(1) keV for « particles, S, =
11692.69(1) keV for protons, and S,, = 16531.6(7) keV for
neutrons [3]. Hence, the 0%, 17, and 27 natural parity lev-
els above Q, will influence the («, y) capture rates. Given
the ground-state spin of Jj = 3/ 27 [4], the s-wave capture
of the 2Na(p, y) and 2Na(p, ) reactions will be strongly
influenced by 17 and 27 states. Of course, one condition for
these levels to be a doorway for a particle-capture reaction is
a y-ray branch to a lower-lying particle-bound state that sta-
bilises the final nucleus against subsequent particle 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 detailed
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 momentum of pho-
tons, this reaction limits the angular momentum transfer to a
good degree to 1 7 of the photon intrinsic angular momen-
tum and, less probable, one further unit. Hence, for even-even
nuclei this technique is perfectly suited to investigate levels
with J7 = 17, 1%, and 2*. Indeed, a previous **Mg(y, y')
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 M 1-strength
in sd-shell nuclei, no data for 1~ levels and possibly excited
27 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
J7 = 17 levels below the Isovector Giant Dipole Resonance
[8,9]is of interest as several mechanisms are proposed to gen-
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erate 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 cross-oscillator
shell excitations are necessarily involved in a negative-parity
excitation. Hence, the number of microscopic configura-
tions is comparably low and the emergence 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 >*Mg (e.g., see Refs. [10, 13] and references therein).
While the E4+ /E 2 = = 3.01 ratio would appear to support
rotational character it is still significantly different from the
rotational value of 3.33. However, there is evidence that, due
to mixing with the 6432-keV 02 state the 0+ level is shifted
to lower energy, and, consequently, the E4+/ E2+ ratio is
affected. Nevertheless, the present static deformation implies
that the projection K of the angular 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 | J; K;) to the two final states |J 1 K r1) and
|J 2K y2), which must be members of the same rotational
band, the Alaga rules define a branching ratio R 4;:

B(IL, J; —>Jf1)
B(IIL, J; — Jy2)

(JiKi ATAK|J 11K £1))?
WK AJAK T 2K p2)]
(1)

Rar=

In the specific case of a J = 1 level, which is connected via
dipole transitions to the final levels J s = 2% and Jy, = 07,
which are members of a K = 0 ground-state band, Ry; is

Rp =

1K;1AK|20)? -
[{1K; 120)] _{2 for K; =0 @

m_ OSfOI‘K,:l

Indeed, for well-deformed nuclei in the rare-earth region,
NRF experiments have shown that for the majority of J = 1
states R 4, 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 O; level at 6432 keV has been pro-
posed [13]. Using the approach as outlined in Ref. [17],
the Ry = B(M1,1} — 0F)/B(M1,1] — 04,) branch-
ing ratio of a 17 level to the two shape-coexisting 0T
levels can be exploited to extract the mixing coefficients.
Together with the difference in the square of the deforma-
tion parameter Aﬂzz, these coefficients determine the p2(E0)
strength (e.g., see Eq. (45) in Ref. [13]). Hence, the known
,oz(EO, 02 — 0+ ) x 103 = 380(70) value [18] and the mea-
sured Ry branchlng ratio permit a model-dependent extrac-
tion of Aﬂ%.
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Fig. 1 Spectrum resulting from the addition of the spectra recorded
in the detectors at & = 127°. ''B marked peaks belong to transitions
of the photon-flux calibration standard boron-11, '®0 marks transitions
of oxygen-16, and asterisks indicate single- and double-escape peaks.
The enlarged parts (a), (b), and (c) of the y-ray spectrum include low-
intensity peaks of newly observed y rays

2 Experiment

The experiment was conducted at the ELBE accelerator of
the Helmholtz-Zentrum Dresden-Rossendorf and used the
yELBE setup [19] for photon detection. The bremsstrahlung
photons in the entrance channel were produced by bombard-
ing a thin niobium radiator target with a beam of 13.0 MeV
electrons. Typical beam currents were 425 A over an accu-
mulated total beam time of approximately 126 h.

The bremsstrahlung photons enter the y ELBE cave via a
circular hole in a 2.6 m thick collimator made of aluminium.
The yELBE setup consists of four high-purity germanium
detectors (HPGe), with two detectors positioned at 6 = 90°
and two detectors placed at & = 127° with respect to the
momentum direction of the photon beam. All detectors have
a y-ray detection efficiency of approximately 100% relative
to the 3” x 3” Nal calibration standard. Each detector was
equipped with an active anti-Compton shield. The target to
detector distance was approximately 28 cm for the 90° detec-
tors and 32 cm for the 127° detectors. Each 90° detector cov-
ers an angular range of A6 = 16° and the 127° detectors an
interval of A6 = 14°. In order to keep the detector count-
ing rate at ~10 kHz and reduce the probability of pile-up
events, low-energy y- and X-ray radiation was suppressed
by attenuators between target and detector. For the two 90°
detectors, the attenuators had thicknesses of 8 mm of natural
Pb and 3 mm of Cu, while for the 127° detectors the attenu-
ators consisted of 3mm of Pb and 3 mm of Cu. The relative

B Ot O ~1 00O
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Fig. 2 Photon-flux distribution N, (E, ) represented by the Schiff for-
mula, which is error-weighted fitted to the experimental points of the
well-known transitions of ''B. Note the logarithmic scale on the y axis

y-ray detection efficiency was simulated using the GEANT
software package [20]. A spectrum, created by adding the two
spectra recorded in the detectors positioned at 0 = 127°, is
shown in Fig. 1.

In order to minimize absorption effects of the y 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 20mm diameter. One disc consisted
of 3261.1(5) mg of magnesium oxide (MgO). The magne-
sium was enriched to 99.84% in the A = 24 isotope. The
other disc was made of 300.0(5) mg of enriched (99.5%)
"B, The well-known transitions from photo-excited levels
of 'B [21-23,25] serve as a photon-flux monitor. This tar-
get allows a relative measurement to be made and removes
the need to determine absolute y-ray detection efficien-
cies €4ps(Ey) and an absolute photon flux N, 455(EL). The
photon-flux distribution for a thin radiator target is described
by the Schiff-formula. An error-weighted fit of this distribu-
tion to the experimental points of levels of !'B is shown in
Fig. 2. Typical uncertainties in the 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 !'B
(4444-8920 keV) a relative uncertainty of 5% and outside
this range 10% were assumed for the photon flux.

The energy-integrated scattering cross section, I, s, for a
y -ray transition to the final level, f, is related to experimental
quantities

1 A
Is o< — ,
T onr€(Ey) - Ny(EL) - W(O)

3

namely, the number of target nuclei nr, the peak area A, the
angular distribution function W (6), the relative y-ray detec-
tion efficiency €(E) ), and the relative photon flux N, (Er)
at the energy of the photo-excited level Ey. Henceforth,
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Table 1 Calculated angular distribution functions W (6) for the cas-
cade J{ — J3 — J3 . The angle intervals are W(90°) : 82°—98° and
W(127°) : 120°—134°. If a cascade allows a mixed transition multi-
polarity, the ’pure’ multipolarities /7L, and ITL,_,3 are indicated.
Finally, the expected ratio R = W(90°)/ W (127°) is given

J1-J2-J3 ITLy»>-TTLy 3 W(90°) W(127°) R

0-1-0 I1-111 0.755 1.022 0.74
0-2-0 E2-E2 1.226 0.570 2.15
0-1-1 I1-111 1.123 0.989 1.14
0-1-1 M1-E2 1.123 0.989 1.14
0-1-2 1-111 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

energy integrated will indicate that the cross section is inte-
grated over the energy range of the resonance with total decay
widthlm =" Iy, corresponding to the sum over the partial
decay widths I'y for the f decay channels. The relationship
between Ig s and the resonance widths is given as

5 (he\? Ty
Isy=m (E_L> gF07, “4)
where E isthelevel energy, g = (2Jp+1)/(2Jp+1) astatis-
tical factor, Iy the ground-state width of the excitation path,
and I'y /I" the branching ratio of the partial decay width I'f
and total decay width I" for the decay path. Considering that
the partial decay width I'y o Ig s scales with the energy-
integrated scattering cross section and the relationt = /1",
the level lifetime 7 can be obtained and, subsequently, the
reduced transition probabilities B(ITL, J; — Jy) deter-
mined.

In this work, for a peak to be recognised as such, the fol-
lowing sensitivity limits were applied. If the average back-
ground exceeded 20 counts per channel, a Gaussian back-
ground distribution was assumed, and it was demanded 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 Poisson distributed background
was assumed and a minimum peak area of five standard devi-
ations required.

As mentioned above, in NRF experiments involving an
even-even nucleus, states with the angular momentum and
parity quantum numbers J” = 1% and J* = 27 can be
populated starting from a 0" ground state. The ratio of the
possible angular distribution functions W () differs most
for the angles 8; = 90° and 6, = 127°; hence, the detec-
tors were positioned at those angles. This measurement per-
mits an assignment to be made or, if known, confirmation of
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the level spin. The theoretically calculated values W (0) for
the detector angular acceptance A@ are presented for sev-
eral 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 R4 .xp can be related to
experimental quantities. Starting from a level J; to two final
levels J¢1 and Jy; of the same rotational band Ra; cxp is
calculated as

2L+l

i By p2
Ryl = — —5+—, (5)
ra e

where, I'y; (i = 1, 2) is the decay width for the decay channel
fi, Ey yiisthe y-ray energy for the decay channel fi,and L
represents the transition multipolarity. If the initial level is a
state with J; = 1, the transition must be a dipole [TL = [T1
to the two final levels with J¢; = 2% and Jg» = 0T of the
ground-state rotational band. However, in the determination
of a decay width via the total decay width I" = ) I7,, the
additional uncertainty of the other y-ray transition enters. In
the ratio of the Alaga rules, the total decay width cancels.
Furthermore, for two arbitrary decay channels k and / from
the same level, the ratio I'y/I7 = Is /Is; of partial decay
widths I'y equals the ratio of the energy-integrated scattering
cross sections I r. Hence, for the practical determination of
the branching ratio R4,

2L+1
Isr1 Eyp

Rar = T 2L+ (6)
Is ¢2 E,

the use of the integrated scattering cross sections I r; results
in more accurate values. If R4; matches the values given in
Eq. 2, a K quantum number can be assigned. Any eventual
deviation from these optimal branching ratios indicates either
K mixing or a deviation from the condition of the validity of
the Alagarules, which means the consideration of the nucleus
as a well-deformed rotor.

3 Results

The excellent background conditions at the y ELBE setup
allowed the identification of many transitions. Besides the
desired transitions from 24Mg, transitions associated with the
photon-flux calibration standard ''B were identified as well
as 1°0. Furthermore, the spectra recorded in the detectors at
0 = 127° contained several low-intensity peaks that could be
identified as belonging to 2°8Pb [24]. These y rays originate
from the 2°8Pb(y, y’) 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 necessarily an opening at these angles.
Hence, these y rays are solely observed in the 127° detectors



Eur. Phys. J. A (2023) 59:198

Page 5of 10 198

Table 2 The first two columns
present the energy, E;, and
spin-parity combination, J7*, of

E; T E,
[keV] [keV]

JT W(90°)/W(127°) I Li~I>L>

~

the initial level, respectively. In

1368.672(5)* 2+ 1368.626(5)* 0t 1.13(8) 18.5% E2—-E2 + 81.5% isotropic
column three the energy of the
observed y ray E,, is given. 4238.8(7) 2+ 4238.6(6) 0* 1.41(14) 50% E2-E2 + 50% isotropic
Column four presents the spin 2870.3(8) 2+ 0.93(20) 50% E2-E2 + 50% isotropic
. T
and parity J7 of the final level. 5535 (1) 3t 3866.3(10) 0765 Isotropic
The spins and parities are taken " 4 )
from Ref. [3]. The measured 6432.3(7) 0 5063.6(7) 2 1.10(22) Isotropic
ratio W(90°)/ W (127°) of the 7348.2(7) 2+ 7348.5(9) 0t 1.9(5) E2-E2
zllr;%ular distriputlions at ?0" and 5979.3(8) 2+ 1.103) Isotropic
°, respectively, are also n i
presented. If no 7747.5(12) 1 7748.1(21) 0 MI1-M1
W(90°)/ W (127°) ratio is given, 6378.3(9) 2+ 1.0(4) M1-M1
the y ray was only observed in 8437.2(9) 1= 8438.7(9) 0t 0.8(2) E1-E1
the detectors positioned at 127°. +
The multipolarities of the 7067.1(14) 2 1.6 E1-El
transitions used in the 9003.7(10) 2+ 9003.9(19) 0" 2.8(20) E2-E2
calculation of the . 7633.6(13) 2t 1.9(8) E2-E2
energy—mt.egrated scattering 4882.3(17) o+ 0.5(4) E2-M1
cross section are also presented
9828.5(7) 1+ 9828.5(12) 0t 0.73(8) MI1-M1
8459.8(7) 2+ 0.87(12) MI1-E2
9967.7(7) 1+ 9967.8(12) 0t 0.72(6) MI1-M1
8599.0(7) 2+ 0.96(9) MI1-M1
10360.7(13) 2+ 10360.4(19) 0t 2.4(17) E2-E2
8992.3(15) 2+ 1.2(5) E2-E2
10712.3(5) 1+ 10711.5(11) 0t 0.72(8) MI1-M1
9343.6(12) 2+ 0.96(13) MI1-M1
6473.4(7) 2+ 1.0(3) MI1-M1
4280.0(8) 0" 0.6(3) MI1-M1
2964.7(9) 1+ 0.7(3) MI1-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) 3t 0.6(6) E2-M1

4Value from Ref. [3]
bPeak may be contaminated

or exhibit a vanishing 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 2%8Pb [24]. Fur-
thermore, despite the fact that no level in 208pp is known
near the 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 2°8Pb near 11330 keV.

The W(90°)/ W (127°) ratio for each observed y ray is
presented in Table 2 and is shown, together with values for
transitions of !B and '©0, in Fig. 3. The y rays are pre-
sented together with the energies of the levels they have been
assigned to. Additionally, the level spin from the literature [3]
is given. The presented y -ray energies are corrected for recoil
effects associated with the momentum transfer in the absorp-
tion as well as emission processes. For all of the stronger
excited levels of these two reference isotopes, good agree-
ment with the expected values is achieved. For 2*Mg, 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 §. Nevertheless, in the last col-
umn of Table 2, the more likely combination of transition
multipolarities is indicated; the angular distribution values
associated with this combination were used to calculate the
energy-integrated scattering cross section /g s (see Eq. 3).

Table 3 contains for each transition the extracted energy-
integrated scattering cross section Ig y, calculated decay
width I'y, and reduced transition probability B(/TL)|.

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-

@ Springer
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quently, in Table 3, no I; y and subsequent quantities are
given. Second, if a level was populated by photon scattering
from the ground state as well as feeding, the [, f is givenas an
upper limit, which is here the sum of the calculated value plus
the uncertainty. The set of measured I, s values was used to
calculate the partial decay widths Iy for the observed y rays,
and, subsequently, the level lifetime, 7, and reduced transition
probabilities between the photo-excited level and the lower-
lying final states. For none of the transitions connecting two
positive parity levels is an E2/M 1 multipole-mixing ratio, &,
known. Consequently, for all those transitions the two possi-
ble reduced transition probabilities B(I1L) 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
J™ = 17 level of 2*Mg. 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 2*Mg were previously known [3].
The observation of known transitions depopulating the
27 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 ratio
does not allow for an identification of the peaks of the ground-
state transition. Furthermore, since this branching ratio is
also not given in the literature, no subsequent quantities can
be deduced for the transitions depopulating this level. Nev-
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ertheless, in the future, once this branching ratio has been
determined, the energy-integrated cross sections for the other
transitions given in Table 3 will allow a calculation of quan-
tities such as the decay width, level lifetime, and reduced
transition probabilities.

In Table 4 the extracted level half-lives, 71/, are com-
pared to those found in the literature, 71,2 si;, [3]. Interest-
ingly, while most extracted half-lives agree well with the
adopted values [3], those for the 17 levels disagree. The val-
ues extracted in this work are approximately 30% longer than
previously published values [7].

4 Discussion

In the literature [3,10], several J* = 1~ levels are known in
2#Mg. Since NRF is very sensitive to these levels, they should
be excited if their B(E1,0" — 17) strength is sizeable.
However, only y rays arising from the 1™ level at 8437 keV
were statistically significant in the measured spectra. None
of the y-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(E'1)1 strength. The corresponding data
are given in Table 5.

Interestingly, this N = Z nucleus does not exhibit noti-
cable low-lying E1 strength. The upper limit is B(E1) 1<
0.61 x 1073 2 fm?2. Of course, for the levels above the
9316.55-keV threshold for «-particle emission, possible
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Table 3 The table presents the energy of the initial level, E;, and its
spin and parity, J, the y-ray energy E,, the spin and parity, J ’; , of
the final level, the measured energy-integrated cross section, /s, 7, 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, I, s is given only
as an upper-limit. If for a parity-conserving transition no multipole-
mixing ratio, 8, is known, both possible reduced transition probabilities
are given as upper limits

E; Jr E, J7 Iy Iy B(M1) | B(E2) | B(El) |
[keV] [keV] [eV-b] [meV] 1] [e? fm*]¢ [1070 e? fm?]
1368.672(5)"¢ 2+ 1368.626(5)>¢ ot <62 <6.0 < 1480
4238.8(7)° 2t 4238.6(6) ot <77 <96 <94
2870.3(8) 2+ <23 <29 < 0.000024 <194
5235.0(10)¢ 3+ 3866.3(10) 2t
6432.3(7)¢ ot 5063.6(7) 2t
7348.2(7) 2t 7348.5(9) ot 3.9(6) 19(5) 1.1(3)
5979.3(8) 2t 3.0(5) 15(4) < 0.006(2) <2.4(6)
7747.5(12)¢ 1+ 7748.1(21) ot <13 <28 < 0.0054
6378.3(9) 2t <32 <84 < 0.027 <10
8437.2(9) 1- 8438.7(9) ot 8.4(13) 61(20) 96(27)
7067.1(14) 2t 1.4(4) 10(4) 27(10)
9003.7(10) 2t 9003.9(19) ot 2.8(9) 28(14) 0.6(3)
7633.6(13) 2t 2.7(6) 27(14) < 0.005(2) < 1.3(5)
4882.3(17) 2t 1.1(3) 11(6) < 0.008(4) <5(Q)
9828.5(7) 1+ 9828.5(12) ot 65(8) 730(130) 0.066(13)
8459.8(7) 2t 22(3) 242(43) < 0.035(7) <7(2)
9967.7(7) 1+ 9967.8(12) ot 198(22) 2460(380) 0.214(37)
8599.0(7) 2t 88(10) 1087(168) < 0.148(26) <29(6)
10360.7(13) 2t 10360.4(19) ot 4.0(12) 68(25) 0.7(3)
8992.3(15) 2t 8.2(16) 140(50) < 0.017(6) <3(1)
10712.3(5) 1+ 10711.5(11) ot 707(73) 8710(2880) 0.612(154)
9343.6(12) 2t 141(16) 1734(574) < 0.184(47) <30(8)
6473.4(7) 2t 17(3) 211(70) < 0.067(18) < 23(6)
4280.0(8) ot 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) 2t 9.1(16)
6491.3(14) 2t 2.3(8)
5493.5(22) 3+ 1.1(5)

a1 e2fm* = 0.243 Wau

YValue taken from Ref. [3]

“Level partially populated by feeding

dValue calculated using multipol-mixing ratio from Ref. [3]
¢Level exclusively populated by feeding

fPeak in 6 = 127° spectrum possibly contaminated

depopulation via a-particle emission cannot be ruled out,
especially when considering natural parity states. However,
given the need for the « particle to tunnel through the
~5.6 MeV high Coulomb barrier and that a photo-excited
level must have a y-ray decay channel, the non-observation
of these y rays indicates negligible E1 strength. Given the
11692.7 keV proton separation energy [3] and the positive
parity of the J* = 3/2% 23Na ground state, the proton-
emission channel can be excluded for the 1~ levels in

Table 5. In the adjacent even-even nucleus 2°Mg a total of
ST B(E1) t= 25(2) x 1073 e fm? [26] is observed. The
26Mg(y, ') experiment was also conducted at the y ELBE
setup and used a similar end-point energy. Hence, the exper-
imental sensitivity is practically identical. Consequently,
experimental reasons can be ruled out and the increase of
the E'1 strength is clearly linked to the two additional neu-
trons and the dynamical division of the center-of-mass and
the center-of-charge induced by them.

@ Springer
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Table 4 Comparison of the level half-lives from this work, 71,2, and
the NNDC database values [3], 71,2 i;. If only a lower-limit is given,
this implies that the level was fed from higher-lying levels

Table 6 Given is the level energy, Ejcy.r, the spin and parity, J”, 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

E JT Ti)2 T1)2.0it Ejevel JT Rat,exp K
[keV] [fs] [fs] [keV]

1368.7 2+ > 80 1360(30) 7747.5(12) 1+ 4.8(28) 0)
4238.7(8) 2+ > 33 45.7(35) 8437.2(9) 1~ 0.28(13) 1
7348.2(7) 2+ 13(3) 6.5(22) 9828.5(7) 1" 0.52(13) 1
7747.5(12) 1+ > 3.5¢ 12.5(28) 9967.7(7) 1" 0.69(15) 1
8437.2(9) 1~ 6(2) 9(2) 10712.3(5) 1" 0.30(8) 1
9003.7(10) 2+ 6(3)* 8.4(12)

9828.5(7) 1+ 0.46(9)¢ 0.30(7)

9967.7(7) 1" 0.13(2) 0.071(7)  the weighting process. Despite these uncertainties, the M1
10360.7(13) 2t 2.1(6) 1.03) strength extracted from the present experiment is comparable
10712.3(5) 1t 0.038(9) 0.023(2)  with the results for 2°Mg. Given the similar shell structure,
10729.4(11) 2+ 7(3) for the Gamow-Teller resonances, a comparable M 1 strength

4Calculated 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, E|-, of known 1~ levels [3,10],
the ground-state branching ratio [/I” as taken from the NNDC
database [3], the upper limit for the energy-integrated scattering cross
section ;¢ for the ground-state decay channel of the 1~ level and the
upper-limit of B(E1) 4 strength. The limits were estimated using the
sensitivity limit at the expected peak position. For the definition of the
used sensitivity limit see the text

B¢ /T Lo B(E1)}
[keV] [eV-b] [10~%2 fm?]
7555.04(15) 0.474 <08 <356
8437.2(9) 0.88(9) 8.4(13) 288(81)
9145.99(15) 0.47¢ <20 <116
11389.8(11) 0.25¢ <11 <26
11864.9(13) 0.57¢ <11 <41

4Taken from literature [3,10]

Interestingly, compared to Ref. [7] (3 B(M 1)1 =3.9(5)
,u%v), the B(M1) excitation strength extracted in this work,
S B(M1)+=2.7(5) u%\,, is reduced. However, no such trend
is observed for 2°Mg (Ref. [7]: 3" B(M1) t = 2.92) u3
and the work at yELBE [26]: >~ B(M1)1 = 2.9(2) u%\,).
Remarkably, the results for >*Mg and 2°Mg as published in
Ref. [7] were obtained at two different facilities. Given that
Ref. [7] does not provide any details about how the detector
efficiencies and photon fluxes were determined, it is impos-
sible to comment on these values. One source of system-
atic error in the present measurement 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

@ Springer

can be expected.

In Table 6, the branching ratios calculated using Eq. 6 are
presented for the J = 1 levels. For the 17 levels the assump-
tion is made, that the decay to the 2T level is of pure M1
multipolarity. For the assigned 27 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 lev-
els at 8437, 9829, and 9968 keV all exhibit branching ratios
that are consistent with an assignment of K = 1 within two
standard deviations. The value for the level at 10712 keV
is three standard deviations off. Nevertheless, even when
assuming an E2 contribution in the decay to the 2]" level,
the branching ratio clearly favours a K = 1 assignment. The
proximity of experimental 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 coexistence
of the prolate deformed ground state and the superdeformed
structure built upon the first excited 07 level at 6432 keV
[13], the enormous ,02(E 0) value [18] provides evidence for
the mixing of these structures. Hence, in a naive two-state
mixing model, the physically observed states |O;,rs) and |0§r )
can be written as linear combinations

|0g,) = cos |0,

prol) +sina |O;D>

105) = —sina|07

o) cos |03 ).

Here, o is the mixing angle and sina and cosa 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,
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the observed decay to the 6432-keV level corresponds to the
decay to the prolate |O;‘r 1) component mixed into this level.
Hence, the ratio of the mixing amplitudes can be extracted
from the experimental ratio Ro of the B(M1) transition

strengths.

B(M1,1} — 0)) |:sinai|2
Ro = .

T BMI, 1T > 04y  Lcosa

Again, as previously mentioned for the Alaga rules, in the
determination of the B(M 1) strength, the total decay width,
I', and, therefore, uncertainties associated with the other
y rays depopulating the level of interest enter. To circumvent
these additional uncertainty, the ratio Ry can be transformed
to

Y 8,05 E ;3/,0;r

e 0'13+0.05

Ry = —0.03°

L5 0, E;/’O;

where the integrated scattering cross sections Ig r with
smaller relative uncertainties enter. This approach results

in mixing amplitudes of cosa = 0.94J_r8:8§ and sine =

0.34‘_"8:82, which, when neglecting any form of triaxiality,
enter the equation (see Eq. 45 in Ref. [13])

3Z\? . 2
0*(E0) = (E) cos? a - sin® (,322,pr01 - ,322’SD)

Here, Z is the proton number and 8> ,ro; and B2 sp are the
quadrupole deformation parameters of the prolate deformed
ground state and the superdeformed structure, respectively.
The extracted mixing amplitudes are remarkably close to
cosa = 0.96 and sina = 0.28 [18] extracted from a shift
of the ngs relative to the expected position from the energy
pattern defined by the 2F, 4T, and 6T levels. Using the exper-
imental value 1000 x pz(EO) = 380(70) [18] and the ampli-
tudes extracted from this work, the difference in '3221' is cal-
culated as ’

2 2 0.20
)(lBZ,prol - ﬂz,w)’ = 0~671L0.14~

Of course, triaxiality was neglected and consequently the
extracted difference of the deformation parameters is over-
estimated. Nevertheless, using the value 8 pror = 0.497(2)
[18,27] for the ground state, results in B> sp = 0.961'8:(3)3
for the deformation parameter of the superdeformed band.
Hence, the present work confirms the results of Ref. [18]

from an independent approach.
S Summary
The present >*Mg(y, ') experiment revealed only a negligi-

ble amount of E'1 strength. This result indicates a link of low-
lying E1 strength and an excess of one species of nucleons. In

comparison to a previous (y, y') experiment this work pro-
vides a &~ 30% reduced M1 strength. However, the present
result is comparable to the M 1 strength observed in 2°Mg. An
application of the Alaga rules indicates that >*Mg is indeed a
deformed nucleus and, the combination of a branching ratio
from this work and the 10% x p2(E 0) 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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