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Abstract The electric E1 and magnetic M1 dipole respon-

ses of the N = Z nucleus 28Si were investigated in a nuclear

resonance fluorescence experiment at the ELBE accelerator

of the Helmholtz Zentrum Dresden-Rossendorf. The inves-

tigated energy range extends to 13.0 MeV, which corre-

sponds to the kinetic energy of the electrons that were used

to produce the unpolarised bremsstrahlung in the entrance

channel of the 28Si(γ, γ ′) reaction. The bremsstrahlung pho-

tons excited three Jπ = 1−, seven Jπ = 1+, and several

Jπ = 2+ states. De-excitation γ rays were detected using the

four high-purity germanium detectors of the γ ELBE setup.

The excellent background conditions allowed to identify nine

previously unobserved γ -ray transitions. In the investigated

energy region of up to 13.0 MeV a total
∑

i B(M1, 0+ →

1+
i ) = 5.0(3) µ2

N strength is firmly observed with a possi-

ble addition of B(M1, 0+ → 1+
i ) ≤ 0.14 µ2

N from levels

for which the data allows to establish only an upper limit.

Furthermore, below 13 MeV this N = Z nucleus exhibits a

marginal isoscalar E1 strength of
∑

i B(E1, 0+ → 1−) =

2.6(3)×10−3 e2fm2, which exhausts only 0.026(2) % of the

energy-weighted sum rule.

1 Introduction

As evidenced by peaks found at mass numbers A = 4n(3 ≤

n ≤ 10) in the elemental abundance observed in the solar

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

system, nuclei composed of an integer number of α particles

are favorably synthesised when compared to other nuclei. In

a stellar environment the (p, γ ) proton-capture and (α, γ )

α-capture reactions will dominate the formation processes

for light nuclei [1,2]. The capture of an α particle from

the Jπ = 0+ ground state of an even-even nucleus prefers

low momentum transfer and natural parity for the final state in

the newly formed nucleus [3]. An increasing angular momen-

tum transfer adds the corresponding centrifugal barrier to the

Coulomb barrier, which results in a reduction of the reac-

tion probability, consequently, levels with higher spins are

increasingly suppressed. Hence, this reaction is dominated

by channels ending in levels with natural spin and parity of

Jπ = 0+, 1−, 2+. In proton-capture, the spin range of the

capture state is given by J0 ± (l ± 1/2), where J0 is the

ground-state spin of the capturing nucleus, 1/2 is the spin

of the proton, and l the angular momentum of the partial

wave of the incident proton. The parity of the final state is

determined by the ground state of the capturing nucleus and

the natural parity (−1)l of the partial wave of the captured

proton. Consequently, for s- and p-wave capture of a pro-

ton by 27Al (Jπ
0 = 5/2+), levels with an angular momen-

tum included in the spin ranges 2+, 3+ and 1−, 2−, 3−, 4−,

respectively, play a crucial role. Besides the intrinsic struc-

ture of the final state wave function, further requirements to

enhance the capture rate are a considerable level/resonance

width Γ of the capturing level and for excited states at least

one sufficiently fast γ -ray decay to a bound state, which sta-

bilises the newly formed nucleus against subsequent particle

0123456789().: V,-vol 123



  186 Page 2 of 15 Eur. Phys. J. A           (2025) 61:186 

emission. In an even-even nucleus, low-spin states are usu-

ally connected to the ground state by γ -ray emission and,

therefore, have the γ -ray decays with the highest possible

transition energies Eγ ; the partial decay width Γγ, f to the

final level f scales with E2L+1
γ, f , where L is the multipolar-

ity of the γ -ray transition with energy Eγ, f . Consequently,

low-spin levels with ground-state transitions will have an

enhanced γ -ray decay width Γγ, f , which means a compara-

bly short lifetime τ = h̄/Γ . Consequently, these comparably

wide doorway states with a significant γ -ray decay branch

can be expected to play an important role in the astrophysical

synthesis of elements.

In stellar environments, where the incident particles obey a

Maxwell-Boltzmann distribution with relatively low energy

on a nuclear scale, the capture level must be situated just

above the separation threshold to enhance the reaction rate.

For 28Si the proton emission threshold is measured to be

Sp = 11585.02(10) keV, the Q-value for α-particle emis-

sion is Qα = −9984.14(1) keV, and the neutron threshold is

Sn = 17179.72(14) keV [4]. However, in explosive scenar-

ios, e. g. a type-1 supernova, the energy distribution of the

incident particles contains high-energy particles and levels

situated well above the threshold energy can act as doorways

for the penetrating particle. Reference [5] provides a survey

of the levels in 28Si and their contribution. In this compilation

it is evident that the lifetime/width information for Jπ = 1−

states is missing. These considerations provide strong moti-

vation to investigate low-spin states with a γ -ray link to the

ground state.

This work is part of an ongoing campaign [6–9] using

(γ, γ ′) photon-scattering experiments [10,11] to investigate

photo-excited levels in light N ≈ Z nuclei using state-of-

the-art detector technology. Photo-excitation implies that the

investigated levels must necessarily have a γ -ray transition

linking the excited state to the ground state. Due to the vanish-

ingly small momentum pγ = Eγ /c of the incident photon,

the angular momentum transfer in these nuclear resonance

fluorescence (NRF) experiments is limited to the photons

1 h̄ intrinsic angular momentum and, far less likely, a second

unit of h̄. Consequently, real photon scattering is selective

to low-spin excitations. The incident photon, which excites

the nucleus, defines a quantisation axis for the subsequent

decay γ ray and the associated angular distribution allows

spin assignments to be made. The scattering cross section for

a decay channel f is proportional to the ground-state decay

width Γ0 of the excitation path and the decay branching ratio

Γ f /Γ for the decay to the final state f . Using the experi-

mentally determined, or previously known, branching ratios

the extracted total level width Γ allows the level lifetime

τ = h̄/Γ and reduced transition strengths to be calculated.

Given that the scattering process involves solely the elec-

tromagnetic interaction, these quantities are determined in a

model-independent approach.

As outlined above, for even-even nuclei the inelastic scat-

tering of real photons prefers the excitation of J = 1 states.

Therefore, NRF [10,11] tests the E1 electric (Jπ = 1−)

[12] and M1 magnetic (Jπ = 1+) [13] dipole responses

of the investigated nucleus. The M1 response is dominated

by isoscalar spin-flip excitations and the isovector Gamow-

Teller resonances (GTR) [14,15]. The spin-isospin �σ �τ GTR

excitations, involving spin �σ and isospin �τ degrees of free-

dom, determine the inelastic neutrino-scattering cross sec-

tions [16], which are important reactions for type-II core-

collapse supernovae. A recent 28Si(p, p′) 295 MeV inelas-

tic proton scattering experiment [17,18] disentangled these

modes. The E1 distribution is dominated by the Giant Dipole

Resonance (GDR) [14,15], which in 28Si is situated near

20 MeV [19] and exhibits a pronounced fine structure [20].

In the investigated energy regime on the low-energy tail of

the GDR, the E1 strength is addressed as Pygmy Dipole Res-

onance (PDR) [21–23]. The PDR is in a hydro-dynamical

model visualised as an oscillation of a skin formed by excess

neutrons versus an isospin saturated core, but also alternative

mechanisms such as clustering or a toroidal mode [24–26] are

proposed to contribute. For the N = Z nucleus 28Si, it can be

expected that the skin-mode is not present. Indeed previous

(γ, γ ′) studies revealed only marginal E1 strengths for the

N = Z nuclei 24Mg [6] and 40Ca [27]. Nevertheless, the pres-

ence of enhanced E1 strength in a N ≈ Z nucleus would pro-

vide strong evidence that the nuclear E1 response is a shell

effect caused solely as a result of particle-hole excitations

across oscillator shell gaps of the type [(d5/2+)−1, f7/2− ]1−

or [(p1/2−)−1, d3/2+ ]1− . A recent study demonstrated for
208Pb the role played by the underlying single-particle struc-

ture in the emergence of the PDR [28].

Experimental evidence for photo-excitable 1− levels in
28Si was provided recently, when a ( �γ , γ ′) experiment using

fully-polarised, quasi-monochromatic �γ rays in the entrance

channel reported such states for 28Si [7]. This experiment

confirmed also the proposed 1− nature [5] of a level at

10994 keV. However, to extract photon-scattering cross sec-

tions and related quantities like level lifetimes, decay widths,

and reduced transition strengths requires knowledge of the

absolute photon flux, a quantity that is notoriously difficult

to determine for a quasi-monochromatic photon beam. For

this task, NRF using unpolarised bremsstrahlung is favor-

able. In this approach the spectral distribution can, to a good

degree be approximated using the Schiff formula [29] and

the absolute flux can be determined by the use of a reference

isotope with well-known scattering cross sections, e.g. 11B

[30–33]. Since the cross sections are determined relative to

those for the reference isotope, various sources of systematic

uncertainty are avoided. In particular, the knowledge of a

relative γ -ray detection efficiency is sufficient. Interestingly,

a previous (γ, γ ′) experiment [34] using partially polarised

bremsstrahlung beams in the entrance channel reports the M1
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strength to Jπ = 1+ levels but neglects the E1 strength to

Jπ = 1− levels. In addition, the aforementioned 28Si(α, α′)

inelastic α-particle scattering experiment [35] revealed sev-

eral 1− states, for which no lifetime and, therefore, resonance

width is known. It is the aim of this work to provide this addi-

tional piece of spectroscopic information and test whether the

E1 strength of these levels is substantial.

Previous work characterised 28Si as moderately oblate

deformed in the ground state [36]. This statement is sup-

ported by the standard indicator for quadrupole deformation,

namely the E4/2 = E4+
1
/E2+

1
ratio of the excitation energies

of the first Jπ = 4+
1 and first 2+

1 levels. For 28Si this value is

≈ 2.6 [4], which is well below the expected value for a well-

deformed nucleus and rather in line with a γ -soft nucleus.

Additionally, a prolate deformed structure built upon a 0+

state at 6691 keV is proposed as well as a super-deformed

structure with an underlying α-cluster structure [37]. From a

shell-model perspective, 28Si is quite interesting. Both pro-

tons and neutrons have a fully filled 1d5/2 subshell, with the

2s1/2+ subshell near the Fermi surface. The presence of a

s1/2+ near the Fermi surface often causes a reduction of col-

lective effects and the closed subshells resemble a doubly-

magic system. Furthermore, no intruder subshell that would

allow for low-lying negative-parity excitations is present in

the oscillator shell.

The 24Mg(γ, γ ′) study [6] exhibited branching ratios for

the ground-state decay relative to the decay to the first excited

2+
1 state that are in-line with the assignment of a K = 1

projection quantum number via the Alaga rules [38]. This

observation together with the in photon scattering experi-

ments [10,39] well-established applicability of these rules

for well-deformed nuclei provides an evidence for the pro-

late deformed character of 24Mg. The 28Si( �γ , γ ′) study [7]

observed, for two of the photoexcited states, branching transi-

tions to lower-lying excited states. Moreover, the first excited

0+
2 state at 4979.9 keV [4] exhibits a remarkable E0 strength

of ρ(E0, 0+
2 → 0+

1 ) × 103 = 262(31) [40,41], indicating

a strong mixing of the 0+
1 ground state and the 0+

2 state and

possibly a large difference ∆β2
2 of the two β2 deformation

parameters [42,43]. Therefore, it is of interest to test whether

an approach outlined in Ref. [44] and applied to 24Mg [6],

namely using the branching ratio of the observed Jπ = 1+

states to these 0+ states to extract the mixing parameters,

results in a consistent picture. This would allow to extract

the mixing of the two 0+ levels and allow the relative shape

differences [43] to be quantified.

2 Experiment

The experiments were conducted using the ELBE particle

accelerator of the Helmholtz-Zentrum Dresden-Rossendorf,

Fig. 1 Photon-flux distribution Nγ (Eγ ) described by the Schiff for-

mula [29]. The curve is obtained in an error-weighted fit to the exper-

imental points of the well-known transitions of 11B [30–33]. Note the

logarithmic scale on the y axis

which provided 13.0 MeV electrons. Those bombarded a

12.5 µm thin niobium target to produce unpolarised brems-

strahlung γ rays. Throughout the 122 h of the experiment a

stable electron current of 287(2) µA was impinging on the

radiator target.

The bremsstrahlung photons enter the γ ELBE cave via a

circular hole in a 2.6 m thick aluminum collimator. In the cave

the photons travel in an evacuated beam tube with a pressure

of approximately 10-5 mbar to minimise background due to

scattering with air molecules [45]. Photons that do not react

with the target are stopped approximately 4 m downstream

in the beam dump.

The 4199.1(5) mg of silicon dioxide (SiO2) target material

was pressed into a thin disc, which was rotated by approx-

imately 45◦ relative to the incoming photon beam and the

front planes of the detectors. This approch minimises the

pathlength the photons travel through the target material and,

therefore, reduces absorption. The silicon was enriched to

>99.0 % in the A = 28 isotope and sandwiched between two

further discs, each made of 300.0(5) mg of enriched (99.5 %)
11B. The well-known transitions from photo-excited levels of
11B [30–33] serve as a photon-flux calibration standard. This

relative measurement removes the need to determine abso-

lute γ -ray detection efficiencies ǫabs(Eγ ) and an absolute

photon flux Nγ,abs(EL). The photon-flux distribution for a

thin radiator target is described by the Schiff formula [29].

An error-weighted fit of this distribution to the experimental

points of levels of 11B is shown in Fig. 1. Typical uncer-

tainties for the fit of the photon flux were ≈ 2 %; However,

to account for systematic effects, such as a thicker radiator

target or uncertainties with the photon-beam end point, an

uncertainty was added. Within the energy range covered by

the photo-excited levels of 11B (4444 keV - 8920 keV) a rel-

ative uncertainty of 5 % and of 10 % outside this range were

assumed for the photon flux.
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The target position is surrounded by four high-purity ger-

manium detectors (HPGe) of the γ ELBE setup [46]. Two

detectors were positioned at θ = 90◦ and two detectors at

θ = 127◦ with respect to the momentum direction of the pho-

ton beam. All detectors have a γ -ray detection efficiency of

approximately 100 % relative to the 3′′ × 3′′ NaI calibration

standard. The target to detector distance was approximately

28 cm for the 90◦ detectors and 32 cm for the 127◦ detec-

tors. Each 90◦ detector covers an angular range of ∆θ = 16◦

and each 127◦ detector a range of ∆θ = 14◦. All detec-

tors were equipped with an active anti-Compton shielding;

however, for one of the 90◦ detectors, the active shielding

failed. Of course, for this detector the peak-to-background

ratio is noticably reduced, when compared to the Compton-

suppressed spectra. Nevertheless, the missing suppression

in one detector allows in comparison to spectra recorded in

suppressed detectors a quick and firm identification of single-

and double-escape peaks. The spectra were recorded in sin-

gles mode. Therefore, the pre-amplifier signals were directly

fed into LYNX digitizers and recorded in anti-coincidence

with the signals from the active anti-Compton shield. Atten-

uators were placed between target and detector to prevent

undesired low-energy photons from reaching the detectors.

This limits the counting rate to below 15 kHz and reduces the

pile-up probability. For the two 90◦ detectors, the attenuators

had thicknesses of 8 mm of natural lead and 3 mm of copper,

while for the 127◦ detectors the attenuators consisted of 3 mm

of lead and 3 mm of copper. The relative γ -ray detection effi-

ciency was simulated using the GEANT software package

[47]. These simulated efficiencies were tested using a variety

of reactions, details can be found in Ref. [48]. In order to anal-

yse spectra with the maximum available statistics, the spectra

recorded in the two detectors positioned at the same angle

were added. A spectrum created by adding the two spectra

recorded in the detectors positioned at θ = 127◦ is shown in

Fig. 2. Below photon energies of about 5 MeV, background

due to Compton scattering off the atomic systems is present.

Above 5 MeV the spectrum shows the excellent background

conditions for NRF experiments at γ ELBE, which enable

the identification even of low-intensity transitions.

In NRF experiments, the incoming photon beam provides

a quantisation axis relative to which the resonantly scattered

photons exhibit pronounced angular distributions W (θ). For

unpolarised bremstrahlung, W (θ) solely depends on the polar

angle θ , that is defined by the directions of the absorbed and

emitted photons. The Jπ = 0+ ground state of even-even

nuclei, like 28Si, and the low momentum transfer in real pho-

ton scattering results in the spin-selectivity to J = 1 levels

and, to a lesser extent, 2+ states. For resonant scattering with

excitation from and decay to the ground state involving an

intermediate level with one of these spins, the angular dis-

tributions exhibit the most pronounced ratios W (θ1)/W (θ2)

for the scattering angles θ1 = 90◦ and θ2 = 127◦. Hence the

Fig. 2 Bottom: γ -ray spectrum resulting from the addition of the

spectra recorded in the two HPGe detectors positioned at θ = 127◦.

Peaks associated with the photon-flux calibration standard boron-11 are

marked with 11B, transitions identified to belong to oxygen-16 as 16O,

and single/double-escape peaks, which are still present in suppressed

spectra, are marked with SE/DE. In order to emphasize low-intensity

transitions, the y-axis was limited to approximately 1000 counts per

channel. More intense transitions that are not fully shown are indicated

using a tilde above. The top shows a section of the spectrum with com-

parably low-intensity transitions

detectors were positioned at these angles. For a J = 1 level

as an intermediate state, a ratio of 0.707 is expected and for

a J = 2 level a ratio of 2.2. Further values for angular dis-

tributions W (θ) for various possible cascades and the ratios

for the two angles realised in the experiment are presented in

Table 1 of Ref. [6]. In terms of experimental quantities, the

ratio R90/127 is defined by

R90/127 =
W (90◦)

W (127◦)
= f90/127

A(90◦)
ǫ(90◦,Eγ )

A(127◦)
ǫ(127◦,Eγ )

. (1)

Here, A(θ) is the peak area in the spectrum recorded in the

detector positioned at the angle θ , ǫ(θ, Eγ ) is the relative

full-energy detection efficiency of the detector at the angle θ

for the γ -ray energy Eγ , and f90/127 is a cross-normalisation

factor that is fixed by a source calibration and tested using

the transitions of the photon-flux calibration standard, 11B.

Additionally, two excitations in 16O, included in the SiO2

target material, allowed a verification for the target material

itself. Furthermore, the detectors at 90◦ receive an enhanced
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rate of Compton-scattered events compared to the detectors

at 127◦, which results in higher count rates and, consequently,

higher dead time of the electronics. However, the source and
16O in-beam verifications assure that no pronounced dead-

time effects influence the quality of the extracted data.

The energy-integrated photon scattering cross section,

IS, f , for a γ -ray transition to the final level, f , is related

to experimental quantities by

IS, f ∝
1

nT

A

ǫ(Eγ ) · Nγ (EL) · W (θ)
, (2)

namely, the number of target nuclei nT , the peak area A, the

angular distribution function W (θ), the relative γ -ray detec-

tion efficiency ǫ(Eγ ), and the relative photon flux Nγ (EL)

at the energy of the photo-excited level EL . For the angu-

lar distribution, the calculated values as given in Table 1 of

Ref. [6], are used for the cascades indicated in Column 6 of

Table 1 in this work. Henceforth, energy integrated indicates

that the cross section is integrated over the energy range of

the resonance width Γ =
∑

f Γ f , corresponding to the sum

over the partial decay widths Γ f for the f decay channels.

In NRF the energy-integrated scattering cross section IS, f is

linked to the resonance widths via

IS, f = π2

(

h̄c

EL

)2

gΓ0

Γ f

Γ
, (3)

where EL is the level energy, g = (2JL + 1)/(2J0 + 1) is a

statistical factor including the level spin JL and the ground-

state spin J0, Γ0 the ground-state width of the excitation path,

and Γ f /Γ the branching ratio of the partial decay width Γ f

and total decay width Γ for the decay path. Considering that

the partial decay width Γ f ∝ IS, f scales with the energy-

integrated scattering cross section, the total level width Γ

can be obtained. Furthermore, the relation τ = h̄/Γ , allows

the determination of the level lifetime and, subsequently, the

reduced transition probabilities B(Π L , Ji → J f ) can be

calculated.

The assignment of a K quantum number via the theoret-

ical values calculated with the Alaga rules [38] is discussed

in detail in Refs. [6,10,39]. The Alaga rules are valid for

well-deformed nuclei, for which the 0+
gs ground state is the

bandhead of a rotational band that includes the 2+
1 state as

first excited level. The experimental ratio RAl,exp is com-

pared to theoretical values RAl,theo = 2 for K = 0 and

RAl,theo = 0.5 for K = 1, which are calculated as ratios of

two Clebsch-Gordan coefficients. The experimental value

RAl,exp =
IS,2+

1

IS,0+
1

·
E2L+1

γ,0+
1

E2L+1

γ,2+
1

(4)

involves the scattering cross sections IS, f for the two decays

from the photo-excited Jπ = 1π level to the first excited 2+
1

level and the 0+
1 ground state, the energies Eγ, f of the two

connecting γ -ray transitions, and the transition multipolarity

L .

3 Results

The excellent background conditions at the γ ELBE setup

allowed the first identification of several weaker transitions.

Some of these transitions were on the verge to be back-

ground fluctuations. In this work, for a peak to be counted as

such, the following criteria were applied. If the average back-

ground exceeded 20 counts per channel, a Gaussian distribu-

tion of the background counts is assumed and the peak area is

expected to exceed three standard deviations of the number

of background counts underneath the peak. For an average

background between 10 and 20 counts per channel, which is

transitional between Poisson and Gaussian distributed back-

ground, a minimum peak area of four standard deviations is

demanded, and if the average background is below 10 counts

per channel a Poisson distribution is valid and five standard

deviations are demanded. The energies of the observed γ -ray

transitions were corrected for recoil effects and are presented

in Table 1. Uncertainties of the γ -ray energies contain the

fitting error and systematic uncertainty associated with the

energy calibration. To account for the uncertainty of the cali-

bration, below 8917 keV, which is the highest-lying observed

γ ray associated with 11B, an uncertainty of ∆Eγ = 0.3 keV

was added and, above this energy, 0.5 keV. If multiple tran-

sitions were observed to depopulate a level, the level energy

was calculated using an error-weighted average of the recoil-

corrected γ -ray energy. The assignment of observed γ -ray

transitions to levels followed the literature [4]. All newly

observed transitions were assigned to known levels using the

Rydberg-Ritz variation principle by checking whether the

sum of energies of the known low-lying level and the newly

observed γ -ray transition match the energy of a previously

known level. Furthermore, the energy difference between

the two newly observed transitions at 12330.7(10) keV and

10550.4(12) keV matches the energy of the first 2+
1 level.

Hence, these transitions are assigned to depopulate a level

at 12330.2(8) keV to the ground-state and first excited 2+

state, respectively. Newly observed transitions are indicated

in Table 1.

Additionally to the desired transitions from 28Si, transi-

tions associated with the photon-flux calibration standard 11B

were identified as well as transitions associated with 16O. Of

course, scattering off oxygen from other parts of the setup

cannot be excluded. Nevertheless, due to the considerable

amount of oxygen in the target, it still can be safely assumed

that in-target scattering dominates. Hence, the well-known
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properties of the 6917-keV and 7116-keV levels of 16O [49]

served as a check for the analysis. As shown in Fig. 3, for

both transitions the angular distribution ratio agrees with

the expected values. For transitions associated with 28Si, the

W (90◦)/W (127◦) ratios confirm for the levels with the most

intense transitions the accepted spin assignments [4,7] and

in the case of the 12330-keV level allow an assignment of

J = 1. However, for the majority of observed transitions,

the level of statistics is too low and the associated uncer-

tainty does not allow any conclusions to be made. For decay

transitions that possibly are of mixed multipolarity, the level

of statistics is not sufficient to narrow down the range for the

multipole-mixing ratio. In order to provide the opportunity

to correct for a possibly wrongly assumed multipolarity and

the associated angular distribution, the combination of transi-

tion multipolarities used to calculate the integrated scattering

cross section IS, f (see Eq. 2) is given in Column 6 of Table 1.

Interestingly, even if no feeding transition is observed, a less

pronounced angular distribution provides an indication for

unseen feeding into the depopulated level. The fractions for

the population via photo-excitation and feeding (isotropic

angular distribution) were extracted by adjusting the weight-

ing of the two angular distribution values until the energy-

integrated scattering cross sections for both detectors were

identical. However, given the often low statistics, these val-

ues should be treated with utmost care and rather provide a

rough guidance. Anyway, as elucidated later, the integrated

scattering cross sections for these transitions represent just

upper limits as do the quantities calculated from these cross

sections. Another strong indication for feeding into a level is

the extracted level lifetime. Feeding enhances the depopula-

tion of a given level and the energy-integrated cross section

appears too high. Consequently, the extracted decay width

is too wide and the resulting lifetime too short when com-

pared to the known values from the literature. In Table 5 the

lifetimes extracted in this work are compared to the avail-

able literature values [4]. Indeed, with the exception of the

9479-keV state and eventually the 9495-keV state, all levels

up to 9795 keV exhibit indications for feeding and the given

lifetimes must be regarded as (robust) lower limits.

The extracted energy-integrated scattering cross sections

and subsequently extracted decay widths and reduced tran-

sition strengths are presented in Tables 2 and 3. These tables

contain for each level the observed transitions and their

extracted energy-integrated scattering cross section IS, f , cal-

culated partial decay width Γ f , the total decay width Γ , and

the reduced transition probability B(Π L) ↓. Table 2 includes

the levels with a firmly assigned as well as those of suspected

positive parity and Table 3 contains the levels with a firmly

assigned spin and parity combination of Jπ = 1−. In the case

of levels, where further decay transitions are known in the

literature, and which were not seen in the experiment, their

relative intensities were used in the calculation of the partial

Fig. 3 Ratio W (90◦)/W (127◦) of the angular distribution function

at the two angles θ = 90◦ and θ = 127◦, where the detectors were

positioned. In addition to the transitions attributed to 28Si, ratios of two

transitions from 16O are shown. Full circles indicate transitions that

connect a level in 28Si to the ground state and open circles represent

transitions that end in a lower-lying excited state

decay width Γ f and total decay width Γ . The levels for which

this additional information is considered are indicated by a

footnote. The extracted quantities are obscured if a level is

affected by the aforementioned feeding. For the lower-lying

levels, which receive feeding, there are two scenarios. First,

the level was exclusively populated by feeding. These levels

are not included in Table 2. Second, if a level was populated

by photon scattering from the ground state as well as feeding,

the IS, f is given as an upper limit, that is in Table 2 the sum of

the calculated value plus the uncertainty. The set of measured

IS, f values was used to calculate the partial decay widths Γ f

for the observed γ rays and, subsequently, the level lifetime

τ and reduced transition probabilities B(Π L) ↓ between the

photo-excited level and the lower-lying final states. For none

of the transitions connecting two positive parity levels is an

E2/M1 multipole-mixing ratio, δ, known. Consequently, for

all those transitions that do not allow only for an exclusive

M1 multipolarity, the two possible reduced transition proba-

bilities B(Π L) ↓ are calculated as pure transitions and pre-

sented as upper limits. For these limits, the calculated values

are presented with the uncertainties given separately.

Interestingly, for several levels a decay to a lower-lying

excited state was observed, but no decay to the ground state.

In NRF, which exclusively populates levels from the ground

state, such a behaviour is unusual. For example, for the

10514-keV level the transition to the first excited level is

known [4] to decay with a relative intensity of 100(2), while

the ground-state decay intensity is given as 51(2). While the

8735-keV transition fulfills the criteria to be a peak, there

were in neither of the two spectra significant peaks at the

position of the ground-state transition. This observation can

be explained by a combination of a lower relative γ -ray inten-

123



Eur. Phys. J. A           (2025) 61:186 Page 7 of 15   186 

sity and a lower γ -ray detection efficiency at the higher γ -ray

energy. If in the literature [4] the intensity of the ground-

state transition is known, this branching ratio was used to

calculate the transition widths and reduced transition rates.

However, some γ -rays are observed that, using the Rydberg-

Ritz’s variation principle, do connect known levels, but no

ground-state decay of the upper level is known. These γ -

ray transitions are given in Table 4 together with the levels

to which they are attributed. The comparatively high exci-

tation of all these levels renders a population due to unseen

feeding unlikely. Supporting the conclusion that these levels

have a ground-state branch is the circumstance that they all

have been excited in the (p, p′) inelastic proton scattering

reaction [50]. For the case that a future experiment deter-

mines the ground-state branching ratio, Table 4 provides the

energy-integrated scattering cross section so the subsequent

quantities can be calculated.

The extracted half-lives are shown in Table 5. Apart from

the 9479-keV level, all levels below 9.5 MeV are subject

to feeding and their extracted half-lives can only be con-

sidered as lower limits. Interestingly, the half-lives for the

two strongest excited levels at 10900 keV and 11446 keV

determined in this work are approximately 10–20% larger

when compared to the literature values. Indeed, when com-

pared with the previous (γ, γ ′) measurement [34], the values

agree within the uncertainties but the present lifetime values

are slightly longer. However, since Berg et al. neither eluci-

date their method to calibrate the photon flux nor how the

response of their detectors was determined, any attempt to

resolve this discrepancy is pure speculation. Compared to

the (p, p′) and (e, e′) particle-scattering experiments, a pos-

sible reason for longer lifetimes in the present work is that it

misses the α-particle decay channel, while particle scatter-

ing experiments are insensitve to the way the excited level

depopulates. However, for Jπ = 1+ the positive parity ren-

ders the α decay unlikely. This is supported by data from the
24Mg(α, γ ) reaction, which populates the 10514-keV 2+, the

10995-keV 1−, and 11295-keV 1− natural parity levels [51–

54], but no Jπ = 1+ levels. Unfortunately, for none of these

three levels a lifetime was known, so that the comparison

of newly obtained and previously known widths would have

allowed an extraction of the α-decay width Γα . Furthermore,

Table 1 Given are the energy, Ei , and spin-parity combination, Jπ
i ,

of the initial level, the recoil-corrected γ -ray energy, Eγ , and the spin

and parity Jπ
f of the final level. Apart from the level at 12330 keV, for

which this work allows an assignment of J = 1, all spins and pari-

ties are taken from Refs. [4,7]. Column five presents the measured ratio

W (90◦)/W (127◦)of the angular distributions at θ = 90◦ and θ = 127◦.

If no W (90◦)/W (127◦) ratio is given, the γ ray was observed only in

one detector. Column 6 provides the multipolarities Π1 L1 − Π2 L2 as

used in the calculation of the energy-integrated scattering cross section.

If Column 6 is empty, it is assumed that the level population happened

exclusively by feeding from higher-lying levels

Ei Jπ
i Eγ Jπ

f W (90◦)/W (127◦) Π1 L1-Π2 L2

[keV] [keV]

1779.2(4) 2+ 1779.2(4) 0+ 1.21(11) 30 % E2-E2 + 70 % isotropic

4618.4(6) 4+ 2839.4(5) 2+ 0.65(41)

4980.2(6) 0+ 3201.2(5) 2+ 0.91(25)

6691.2(9) 0+ 4912.2(8) 2+ 0.74(47)

7380.5(4) 2+ 7380.7(7) 0+ 1.58(39) 40 % E2-E2 + 60 % isotropic

5601.4(5) 2+ 1.09(21) 40% E2-E2 + 60 % isotropic

7417.4(6) 2+ 7416.9(9)a 0+ 1.68(25) 20% E2-E2 + 80% isotropic

5638.8(8) 2+ 1.24(59) 20% E2-E2 + 80% isotropic

7933.5(6) 2+ 7933.5(6) 0+ 1.55(34) 65% E2-E2 + 35% isotropic

8259.6(11) 2+ 6480.6(10) 2+ 2.1(12) E2-E2

8328.4(9) 1+ 8328.8(1) 0+ 0.85(55) M1-M1

6547.8(21)a 2+ M1-M1

9381.3(9) 2+ 7602.3(8) 2+ 1.07(41) 50% E2-E2 + 50% isotropic

9479.1(11) 2+ 9479.1(11) 0+ 2.4(12) E2-E2

9495.9(6) 1+ 9495.7(8) 0+ 0.93(26) M1-M1

7717.3(10) 2+ 0.95(52) M1-M1

9795.3(12) (2+) 9793.9(18) 0+ 1.3(11) E2-E2

8017.2(15) 2+ 0.45(68) E2-M1

9929.5(4) 1− 9929.7(7) 0+ 0.62(14) E1-E1

8149.7(12)c 2+ 1.39(84) E1-E1

4949.6(5)c 0+ 1.11(35) E1-E1

123



  186 Page 8 of 15 Eur. Phys. J. A           (2025) 61:186 

Table 1 continued

Ei Jπ
i Eγ Jπ

f W (90◦)/W (127◦) Π1 L1-Π2 L2

[keV] [keV]

10514.4(13) (2+) 8735.4(12) 2+ 1.95(95) E2-E2

10595.3(5) 1+ 10596.7(12) 0+ 0.74(14) M1-M1

8813.7(13)c 2+ 0.53(46) M1-M1

5615.6(6) 0+ 0.98(29) M1-M1

10725.1(8) 1+ 10725.1(8) 0+ 0.87(17) M1-M1

10900.1(5) 1+ 10900.4(11) 0+ 0.62(8) M1-M1

9121.2(12) 2+ 0.91(12) M1-M1

5919.8(7)c 0+ 0.93(45) M1-M1

3484.5(11)b,c 2+ M1-M1

10951.3(2.2) (1, 2+) 9172.3(21) 2+ 1.3(11) E2-E2

10993.8(13) 1− 10993.6(15)c 0+ 1.10(38) E1-E1

9215.2(25)b 2+ E1-E1

11136.8(24)d (2+) 9357.8(23) 2+ 2.6(23) E2-E2

11295.9(14) 1− 11296.4(13)e 0+ 0.55(48) E1-E1

9516.4 2+ 1.4(11) E1-E1

11432.6(10) (2+) 9653.6(9) 2+ 0.79(43) E2-M1

11445.7(7) 1+ 11446.2(8) 0+ 0.71(5) M1-M1

9665.5(12)c 2+ 0.90(67) M1-M1

11987.0(13) 2+ 10203 f 2+

7369.1(12)c 4+ 2.1(13) E2-E2

12330.2(8) 1(+) 12330.7(10)c 0+ 0.72(9) M1-M1

10550.4(12)c 2+ 0.47(50) M1-M1

aSeen only in θ = 90◦ detector
bSeen only in θ = 127◦ detector
cTransition not in Ref. [4]
d Assuming level to correspond to 11142-keV level in Ref. [4]
ePeak on Compton edge of intense 11445-keV peak
f Peak covered by single-escape peak

the 12330-keV level is the only photo-excited state which is

positioned above the proton-emission threshold. Indeed, this

level was observed in the (p, γ ) reaction [51], but again no

lifetime was known prior to this work. Once the proton to

γ -ray branching ratio is measured, the integrated scattering

cross sections presented in Table 2 will allow a calculation

of the lifetime. The present value was determined assuming

Γp = 0 and represents realistically rather an upper limit for

the half-life.

4 Discussion

The aim of this work was to provide information about the

Jπ = 1− states and to test the results for Jπ = 1+ levels

[34]. The extracted E1 strength distribution of 28Si is shown

in Fig. 4, where it is compared to the strength distributions

of the other N = Z nucleus 24Mg [6] and the N = Z + 2

nucleus 26Mg [8]. These nuclei are compared, because they

Fig. 4 Systematics of the B(E1, 0+
gs → 1−) excitation strengths for

the nuclei 24Mg [6], 26Mg [8,9], and 28Si. The plot is arranged according

to the relative position of the nuclei in the Segre chart. E1 strength to

a level with firmly assigned Jπ = 1− is presented as red bar and E1

strength to a level with tentative negative-parity assignment Jπ = 1(−)

is shown as green bar. Furthermore, the relevant emission thresholds

for the emission of α particles (α), protons (p), and neutrons (n) are

indicated
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Table 2 Data of levels with an assigned positive parity, for which at

least limits for the decay width Γ f and reduced transition probabili-

ties B(Π, L) ↓ can be calculated. Given are the energy of the initial

level, Ei , and its spin and parity, Jπ
i , the γ -ray energy, Eγ , of the

observed transition, the spin and parity, Jπ
f , of the final level, the mea-

sured energy-integrated cross section, Is, f , the calculated partial decay

width, Γ f , the total decay width, Γtot , and the calculated reduced tran-

sition probabilities B(M1) ↓ and B(E2) ↓. For levels that are fed by

higher-lying levels, IS, f is given only as an upper limit, which con-

tains the value plus uncertainty. If a parity-conserving transition allows

both multipolarities, the two possible reduced transition probabilities

are given as upper limits. Please note for E2 transitions: 1 W. u. =

5.05 e2fm4

Ei Jπ
i Eγ Jπ

f IS, f Γ f Γtot B(M1) ↓ B(E2) ↓

[keV] [keV] [eV·b] [meV] [meV] [µ2
N ] [e2fm4]

1779.2(4) 2+ 1779.2(4) 0+ < 42 < 7 < 7 < 478

7380.5(4) 2+ 7380.7(7) 0+ < 10.4 < 94 < 262a < 5.3

5601.4(5) 2+ < 18.4 < 169 < 0.080 < 39

7417.4(6) 2+ 7416.9(9) 0+ < 24.7 < 84 < 98 < 5.0

5638.8(8) 2+ < 4.3 < 14 < 0.005 < 3.4

7933.5(6) 2+ 7933.6(6) 0+ < 16.8 < 55 < 68a < 2.2

8259.6(11) 2+ 0+ < 0.5a < 16 < 175a < 0.5

6480.6(1) 2+ < 4.9 < 124 < 0.048 < 20

8328.4(9) 1+ 8328.8(10) 0+ 4.1(9) 55(27) < 260a < 0.013

6547.8(21) 2+ 5.1(22) 69(33) < 0.036 < 16

9381.3(9) 2+ 0+ < 0.3a < 41 < 1313 < 0.7

7602.3(8)b 2+ < 8.6 < 1167 < 0.26 < 69

9479.1(11) 2+ 9479.1(11) 0+ 12(3) 55(10) 64(14)a 0.9(2)

9495.9(6) 1+ 9495.7(8) 0+ < 31 < 296 < 355 < 0.029

7717.3(10) 2+ < 7 < 59 < 0.012 < 3

9795.3(12) 2+ 9793.9(18) 0+ < 7.2 < 58 < 88a < 0.9

8017.2(15) 2+ < 3.3 < 27 < 0.005 < 1.1

10514.4(13) (2+) 0+ 61(31)a 194(60)a 0.6(2)

8735.4(12) 2+ 7(2) 119(24) ≤ 0.017(6) ≤ 3.1(14)

10595.3(5) 1+ 10596.7(12) 0+ 78(7) 969(115) 1357(146)a 0.070(10)

8813.7(13) 2+ 6(2) 73(10) ≤ 0.012(2) ≤ 2.2(8)

5615.6(6) 0+ 15(2) 188(23) 0.101(15)

10725.1(8) 1+ 10725.1(8) 0+ 72(6) 714(58) 714(58) 0.050(4)

10900.1(5) 1+ 10900.4(11) 0+ 184(12) 2981(322) 4694(507) 0.199(20)

9121.2(12) 2+ 91(6) 1473(160) ≤ 0.168(17) ≤ 29(5)

5919.8(7) 0+ 8(2) 136(15) 0.057(6)

3485.5(11) 2+ 6(2) 104(12) ≤ 0.212(22) ≤ 250(92)

11432.6(10) (2+) 0+ 141(29)a 1577(177)a 0.9(1)

9653.6(9) 2+ 17(4) 729(148) ≤ 0.127(13) ≤ 20(7)

11445.7(7) 1+ 11446.2(8) 0+ 1838(81) 21030(952) 21170(960) 1.21(11)

9665.5(12) 2+ 12(3) 140(37) ≤ 0.013(4) ≤ 2.1(6)

12330.2(8) 1(+) 12330.7(10) 0+ 251(16) 3514(894) 3725(947) 0.162(33)

10550.4(12) 2+ 15(4) 211(54) ≤ 0.016(4) ≤ 2.0(9)

aValue calculated using branching ratio taken from Ref. [4]
bPeak eventually contaminated by a transition from 208Pb

have been measured at the γ ELBE setup with similar photon-

flux endpoint energies and, consequently, comparable sensi-

tivity. The observed low-lying E1 strength of 28Si below

13 MeV exhausts only 0.026(2)% of the energy-weighted

sum rule [27,55]

S(E1)EW =
9

4π

h̄2e2

2M

N · Z

A
= 14.8

N · Z

A
MeV · e2 f m2.

(5)

This value is an order of magnitude lower than the 0.23(5)%

observed in the N = Z +2 nucleus 26Mg, but in-line with the
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Table 3 Data of levels with firmly assigned spin and parity of Jπ = 1−

[7]. The table contains the energy of the initial level, Ei , the spin and

parity, Jπ = 1−, of the photo-excited level, the γ -ray energy, Eγ , the

spin and parity, Jπ
f , of the final level, the measured energy-integrated

cross section, IS, f , the partial decay width, Γ f , the total decay width,

Γtot , and the calculated B(E1) ↓ reduced transition probability

Ei Jπ
i Eγ Jπ

f IS, f Γ f Γtot B(E1) ↓

[keV] [keV] [eV·b] [meV] [meV] [10−3e2fm2]

9929.5(4) 1− 9929.7(7) 0+ 36(4) 471(80) 725(122) 0.46(11)

8149.7(12) 2+ 4(1) 55(10) 0.13(5)

4949.6(5) 0+ 15(2) 199(34) 1.57(42)

10993.8(13) 1− 10993.6(15) 0+ 35(5) 403(66) 440(73) 0.29(8)

9215.2(25) 2+ 3.2(13) 37(7) 0.04(2)

11295.9(12) 1− 11296.4(13)a 0+ 9(3) 160(67) 247(104) 0.11(6)

9516.4(14) 2+ 5(2) 87(37) 0.10(5)

aPeak on Compton-edge of intense 11446.2(8)-keV transition

Table 4 Data of levels, for which neither a ground-state decay has been

observed, nor is it known in the literature [4]. Given is the level energy,

Ei , the spin and parity of the level, Jπ
i , as found in the literature, the

observed γ -ray energy, Eγ , the spin and parity, Jπ
f , of the final level, and

the calculated integrated scattering cross section, IS, f , for the observed

γ -ray transition

Ei Jπ
i Eγ Jπ

f IS, f

[keV] [keV] [eV·b]

10951.3(22) (1, 2+) 9172.3(21) 2+ 3.5(11)

11136.8(24) 2+ 9357.8(23) 2+ 3.6(12)

11987.0(13) 2+ 7369.1(12) 4+ 7(2)

Fig. 5 Comparison of the B(E1, 0+
gs → 1−) excitation strength

extracted from (γ, γ ′) photon scattering (left side) and the fraction

SI S(E1) of the isoscalar energy-weighted sum rule as extracted from

(α, α′) inelastic α-particle scattering [35] (right side). For an improved

comparability the scale of the y-axis for the 26Mg(γ, γ ′) results is

adjusted

other N = Z nuclei in the investigated mass region [6,27]

and experimentally confirms the negligible E1 strength in

N = Z nuclei.

Conclusions about the isoscalar or isovector character of

the observed 1− states can be drawn when comparing the pat-

tern of the E1 excitation strength with that obtained in inelas-

tic scattering of the isoscalar α particle [56–58]. Such a com-

parison of the B(E1, 0+
gs → 1−) excitation strength obtained

in NRF with the fraction SI S(E1) of the isoscalar energy-

weighted sum rule from an (α, α′) inelastic α-particle scat-

tering experiment using the K 600 spectrograph at iThemba

Labs [35] is shown in Fig. 5. For all three nuclei 24Mg,
26Mg, and 28Si, the (α, α′) reaction revealed more potential

Jπ = 1− levels, especially towards higher energies where

the NRF technique lacks sensitivity. This observation, which

establishes for all photo-excited levels in 28Si and the one

photo-excited level in 24Mg an isoscalar character, distin-

guishes these levels from the isovector GDR. An interest-

ing observation is the isovector (dominated) nature of the

8904-keV level in 26Mg. Apart from the unobserved 8904-

keV level, for 28Si the observed B(E1)-strength distributions

resembles the excitation pattern obtained in (α, α′).

Considering the structure of the observed Jπ = 1−

levels, in the investigated mass region the absence of an

intruder unique-parity subshell in the oscillator shell prevents

valence-shell negative parity excitations built on n-particle n-

hole (n ≥ 2) excitations. Hence, negative parity excitations

involve solely cross oscillator shell 1-particle 1-hole excita-

tions. In 28Si these are particle excitations from the 1p1/2−

and 1p3/2− subshells to the unoccupied 2s1/2+ and 1d3/2+

orbitals in the sd shell or excitations of the valence particles

in the fully occupied 2d5/2+ orbitals to the fp shell, especially

the spin-orbit lowered 1 f7/2− subshell. Evaluating the shell
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Table 5 Comparison of the level half-lives determined in this work,

T1/2, and found in the NNDC database [4], T1/2,li t . If only a lower-

limit is given, the level was recognised to be fed from higher-lying

levels

El Jπ
i T1/2 T1/2,li t

[keV] [fs] [fs]

1779.2(1) 2+ > 66 475(17)

7380.5(4) 2+ > 1.7 5(2)

7417.4(6) 2+ > 4.6 29(3)

7933.5(6) 2+ > 6.8 11(2)

8259.6(11) 2+ > 2.6 10(2)

8328.4(9) 1+ > 1.7 347(166)

9381.3(9) 2+ > 0.34 1.1(3)

9479.1(11)a 2+ 7.1(12) 6(2)

9495.9(6) 1+ > 1.3 5(2)

9795.3(12) (2+) > 5

9929.5(4) 1− 0.63(9)a

10514.4(13) (2+) 1.7(2)

10595.3(5) 1+ 0.34(4) 0.388(83)

10725.1(8) 1+ 0.64(5) 0.624(110)

10900.1(5) 1+ 0.10(1) 0.083(7)

10993.8(13) 1− 1.0(2)

11295.4(15) 1− 1.8(6)

11432.6(10) (2+) 0.29(3) < 21

11445.7(7) 1+ 0.022(2) 0.0176(8)

12330.2 1(+) 0.12(3)

aAssuming there is no feeding

structure using the data from particle-transfer experiments

to the odd-mass neighbors, e.g. see Refs. [59–61], reveals

for both protons and neutrons an approximate 1 to 2 MeV

wide gap between the 1d5/2 and 2s1/2 subshells and a gap of

approximately 3 MeV between the 1d5/2 and 1d3/2 spin-orbit

partner orbitals. The energy difference between the 1d5/2

subshell at the Fermi level and the 1p1/2 and 1p3/2 subshells

of the lower-lying oscillator shell amounts to ≈ 4 MeV and

≈ 5.5 − 6 MeV, respectively. For protons the f7/2 subshell

is found at ≈ 5.5 MeV in 29P, while in 27Al the energy

difference is ≈ 7.9 MeV. Adding the pairing energy, the

negative-parity excitation can be expected to be found above

8 MeV. Indeed the data contained in the NNDC database

[4], extracted from particle-transfer data, e. g. Refs. [62,63],

locates for 28Si the first negative parity Jπ = 3− level at

6879 keV, followed by two levels at 8413 keV with Jπ = 4−

and 8905 keV with Jπ = 1−. The latter was not observed

in this work. This is due to the low E1 strength and the

fact that both known γ -ray decays at 7123-keV and 8902-

keV are in the proximity of intense transitions at 7115 keV

(16O) and 8916-keV (11B), respectively, which might obscure

these low-intensity transitions. The Jπ = 1− 9929 keV

level, which is the first 1− level observed in this work, is

surounded by a group of levels at 9702 keV with Jπ = (5−),

at 9764.5 keV with Jπ = (3−), and at 10182 keV with

Jπ = (3−). With the exception of the 9702-keV level, the
27Al(3 He, d) reaction [62] ascribes to all these levels a mixed

l transfer of 1 + 3. The 9702 keV Jπ = 5− state has a sole

l = 3 transfer and can be identified as resulting from a pro-

ton [(1d5/2+)−1, 1 f7/2− ] configuration. Interestingly, in the

particle-hole channel this configuration is expected to result

in the odd-spin members of the multiplet to be settled near

the energy of the particle-hole excitation, while the even-

spin members are shifted to higher energies [64,65]. How-

ever, apart from the (relatively) pure Jπ = 5− member, the

comparatively low spectroscopic factors of the other levels

indicate that this two-particle excitation is fragmented due

to mixing with other levels of the same spin and parity but

different microscopic origin. For the 9929-keV 1− level, the

low spectroscopic factors for l = 1 and l = 3 transfer in the
27Al(3 He, d) reaction contradicts an assignment as mem-

ber of the [(d5/2+)−1, f7/2− ] multiplet. There is a variety of

possibilities that can explain these low spectroscopic factors

such as the level is based on a proton particle-hole excita-

tion, it is a pure neutron excitation, or has a collective nature.

Since there is no particle transfer data starting from 27Si and
29P, the first two possibibilities cannot be ruled out.

Usually the lowest lying 1− level in a nucleus results

from quadrupole-octupole coupling and the deformation of

the ground state can be assessed by the ordering of the first

excited 3−
1 and 1−

1 levels. For a deformed nucleus, the inter-

play of the octupole phonon and the quadrupole deformation

is sufficient to generate quadrupole-octupole coupled 1− lev-

els. These are the bandheads and the K = 0 and K = 1

octupole bands and found below the 3− band members. In
28Si the first excited negative parity state is a 3− level and

lies well below the first 1− state at 8905-keV, which was not

observed in this work. This observation suggests a spheri-

cal nature for 28Si. In contrast, 24Mg (E3−
1

: 7616 keV, E1−
1

:

7555 keV) [66] and 26Mg (E3−
1

: 6876 keV, E1−
1

: 7062 keV)

[67] have almost degenerate energies for the first excited

3−
1 and 1−

1 levels, which indicates considerable quadrupole

correlations in the ground state of these nuclei. In a near-

spherical nucleus the coupling of the octupole phonon with

the quadrupole phonon results in a quintuplet of negative par-

ity states with Jπ = 1− to 5− [12,68] at the sum energy of the

two coupling phonons. For 28Si the sum energy is 8656 keV,

which is close to the unobserved 8904-keV level. An exper-

imental energy of the quadrupole-octupole coupled 1− state

higher than the sum energy is usually only observed near

doubly-magic nuclei [68], where the low collectivity results

in an enhanced blocking of configurations participating in the

collective wavefunction of the other phonon. Indeed, the shell

structure of 28Si can be seen as resembling a doubly-magic

nucleus, especially since the next subshell to both Fermi level
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Fig. 6 Systematics of the B(M1, 0+
gs → 1+) excitation strength for

the nuclei 24Mg [6], 26Mg [8], and 28Si. The plot is arranged according

to the relative position of the nuclei in the Segre chart. The observed

patterns resemble the results presented in Ref. [34]

containing, fully-occupied d5/2 subshells is s1/2+ . However,

the absence of the other Jπ = 2− and 4− members of the

quadrupole-octupole coupled two-phonon multiplet renders

such an interpretation for the 8904-keV state and the higher-

lying 9929-keV levels unlikely. Consequently, a one-particle

one-hole nature of these states is more likely, but awaits con-

firmation from transfer experiments.

For a rigid rotor, the decay behaviour of excited J = 1

states can be used to assign K quantum numbers by using the

branching ratio as defined in Eq. 4. The calculated values are

provided in Table 6. No tendency to agree with the theoretical

values for RAl = 2 for K = 0 or RAl = 0.5 for K = 1 [39]

is recognisable. This failure of the Alaga-rules indicates that

its condition of a well-deformed rotor is not fulfilled and,

consequently, 28Si cannot be treated as such.

Compared with the B(M1, 0+ → 1−) values previously

obtained in the (γ, γ ′) reaction by Berg et al. [34], the val-

ues extracted in this work are in general about 10 % lower;

however, that is well within the uncertainties of both mea-

surements. Figure 6 shows the resulting M1 strength dis-

tribution together with those for 24Mg [6] and 26Mg [8]

measured at γ ELBE under similar conditions. The pattern

of the first noticably excited 1+ states of the two N = Z

nuclei 24Mg and 28Si are quite similar. The two major

differences are a ≈ 700 keV higher excitation energy in
28Si and that the strongest excited level 1+ level in 28Si

[B(M1, 0+ → 1+) = 3.6(4)µ2
N ] is twice as strongly

excited when compared to the corresponding level in 24Mg

[B(M1, 0+ → 1+) = 1.8(5)µ2
N ]. Furthermore, the compar-

ison to a recent (p, p′) experiment [17,18] reveals that the

isoscalar 1+ levels are only extremely weakly populated in

photon scattering. Interestingly, in 28Si the strongest excited

1+ state decays, apart from a newly observed weak branch to

the first excited 2+ level, exclusively to the ground state. This

observation is in contrast to 24Mg, for which the strongest

excited 1+ state at 10712 keV exhibits four decays to lower-

Table 6 Data for J = 1 levels that exhibit in addition to the 0+ ground-

state decay a decay branch to the first excited 2+
1 level. The table pro-

vides the spin and partity Jπ , transition energy to the 0+
gs ground state

(upper value), which is identical to the level energy, and the first excited

2+ level (lower value). Furthermore, the energy integrated scattering

cross section for each γ -ray transition, and the calculated experimental

ratios RAl,exp as defined in Equation (4) are listed. For a discussion see

text

Jπ
l Eγ IS, f RAl,exp

[keV] [eV·b]

1+ 8328.8(10) 4.1(9) 2.6(16)

6547.8(21) 5.1(22)

1− 9929.7(7) 36(4) 0.20(7)

8149.7(12) 4(1)

1+ 10596.7(12) 78(7) 0.13(6)

8813.7(13) 6(2)

1+ 10900.4(11) 182(12) 0.84(11)

9121.2(12) 90(6)

1− 10993.6(15) 36(5) 0.15(8)

9215.2(25) 3.2(13)

1− 11296.4(13) 11(3) 0.76(51)

9516.4(14) 5(2)

1+ 11446.2(8) 1820(90) 0.011(3)

9665.5(12) 12(3)

1(+) 12330.2(8) 250(20) 0.10(3)

10550.4(12) 15(4)

lying excited states, including one to the first excited 0+
2

state. Instead in 28Si the two lower-lying, weaker excited

levels at 10595 keV and 10900 keV exhibit decays to the

first excited 0+
2 level, while for the corresponding levels in

24Mg at 9829 keV and 9968 keV exclusively decays to the

ground state and first excited 2+
1 level were observed. Con-

sequently, the addition of two protons and two neutrons to

fill the respective d5/2+ subshells preserves the pattern of the

M1 excitation strength but inverts the decay behaviour with

respect to the first excited 0+ state.

In Ref. [43] it is stated, that Ref. [69] assigned an oblate

character to the 0+
gs ground state and Ref. [70] a prolate char-

acter for the band built upon the first excited 0+
2 state. The

considerable 103 × ρ2(E0) = 262(31) value [41] for the

0+
2 → 0+gs transition indicates a considerable difference of

the β deformation parameters as well as significant mixing

between the two 0+ states. In Ref. [6] the branching ratio of

the strongest excited 1+ state to the 0+
gs ground state and the

first excited 0+
2 state was used to extract mixing parameters

and, subsquently, when using the ρ2(E0) value the difference

in quadrupole deformation. However, as outlined in Ref. [44]

this method relies on the assumption that the photo-excited

level is a pure particle-hole excitation. Using the two-state

mixing formalism [43], the wave functions of the observed
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Table 7 Data for 1+ levels that decay to the 0+
gs ground state and the

first excited 0+
2 state. Given are the γ -ray energies, Eγ , from which the

highest corresponds to the level energy, the integrated scattering cross

section, IS, f , the branching ratio, R0, as defined in Eq. 7, the mixing

amplitudes cos α and sin α, and the resulting difference in deformation

according to Eq. 6. For a discussion see text

Eγ IS, f R0 cos α ∆(β2)
2

[keV] [eV·b]

10596.7(12) 78(7) 1.29(29) 0.44(6) 0.15(6)

5615.6(6) 15(2)

10900.1(5) 184(12) 0.27(9) 0.79(6) 0.19(9)

5919.8(7) 8(2)

states are given as linear combinations of the pure oblate 0+
obl

and prolate 0+
prol state

|0+
gs〉 = cos α|0+

obl〉 + sin α|0+
prol〉

|0+
2 〉 = − sin α|0+

obl〉 + cos α|0+
prol〉.

As outlined in Ref. [44], if a 1+ level corresponds to a one-

particle one-hole excitation built upon the structure of the

ground state, the observed decay to the 0+
2 level corresponds

to the decay to the oblate |0+
obl〉 component mixed into this

level. Hence, the ratio of the mixing amplitudes sin α and

cos α can be extracted from the experimental ratio R0 of the

B(Π1) reduced transition strengths

R0 =
B(M1, 1+

i → 0+
2 )

B(M1, 1+
i → 0+

gs)
=

IS,0+
2

IS,0+
gs

·
E3

γ,0+
gs

E3

γ,0+
2

=

[

sin α

cos α

]2

.

Here, in the determination of the B(Π1) strength, the branch-

ing ratio of ground-state decay width Γ0 to total decay width,

Γ , enters the calculation of both decay strengths and, there-

fore, the uncertainties of both associated with the other γ rays

depopulating the level of interest enter. To prevent these addi-

tional uncertainties entering the final value, the ratio R0 can

be transformed in such a way that the integrated scattering

cross sections IS, f with smaller relative uncertainties enter

together with the γ -ray energies Eγ, f . For 28Si, the 1+ levels

at 10595.3(5) keV and 10900.1(5) keV as well as the 1− level

at 9929.5(4) keV exhibit decays to the 0+
gs ground state and

the 0+
2 level.

This approach results in mixing amplitudes of cos α and

sin α shown in Table 7, which, when neglecting any form of

triaxiality, enter the equation (taken from Ref. [43])

ρ2(E0) =

(

3Z

4π

)2

cos2 α · sin2 α

(

β2
2,obl − β2

2,prol

)2
.

Here, Z is the proton number and β2,obl and β2,prol are the

quadrupole deformation parameters of the oblate deformed

ground state 0+
obl and the prolate deformed 0+

prol state, respec-

tively. Using the experimental value 1000 × ρ2(E0) =

262(31) [41] and the amplitudes extracted from this work,

the difference ∆β2
2,i in β2

2,i is calculated as indicated in

Table 7. The two 1+ levels that exhibit a decay branch to the

0+ state deliver a set of inconsistent values. This raises the

question about the validity of the assumption of the states

being pure particle-hole excitations built upon the ground

state. Since the set of available particle-transfer experiments

[4] allows only to extract information about proton-particle

states [27Al(3He,d)] of neutron-hole states [29Si(p, d)], but

not for proton-hole or neutron-particle states, it is not pos-

sible to judge which of the two levels fulfills the criteria. It

appears, that both 1+ levels at 10595 keV and 10900 keV

do have admixtures of the by far strongest excited 1+ level

at 11446 keV in their wave functions, which enhances the

ground-state decay branch and obscures the crucial branch-

ing ratio. Indeed the 10900-keV level, which is closer to the

11446-keV level, has a larger ground-state branching ratio.

However, at the present level of information it is not possible

to judge whether one of these two levels fulfills the crite-

ria of a pure particle-hole excitation. Furthermore, for both

states the low intensity of the branching transition results in

a comparably high relative uncertainty, which exceeds the

sensitivity of the method.

5 Summary

The present 28Si(γ, γ ′) experiment revealed several previ-

ously unknown lifetimes for J = 1 states that are rel-

evant for nucleosynthesis processes. A negligible amount

of E1 strength was observed that exhausts only 0.026(2)%

of the energy-weighted sum rule. A comparison to inelas-

tic α-particle scattering attributes an isoscalar character to

all observed 1− levels. This result afirms the connection

of sizable low-lying isoscalar E1 strength and an excess

of one species of nucleons. In comparison to a previous

(γ, γ ′) experiment, this work provides a ≈ 10 % reduced

M1 strength; however, this in well within the experimen-

tal uncertainty. Furthermore, a branching ratio based method

raises doubts that 28Si has any noticable deformation in its

ground state.
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