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Abstract

Atomic nuclei with certain combinations of proton and neutron numbers can adopt reflection-

asymmetric or octupole-deformed shapes at low excitation energy. These nuclei present a promising

avenue in the search for a permanent atomic electric dipole moment the existence of which has

implications for physics beyond the Standard Model of particle physics. Theoretical studies have

suggested that certain thorium isotopes may have large octupole deformation. However, due to

experimental challenges, the extent of the octupole collectivity in the low-energy states in these

thorium nuclei has not yet been demonstrated. Here, we report measurements of the lifetimes

of low-energy states in 228Th (Z = 90) with a direct electronic fast-timing technique, the mirror

symmetric centroid difference method. From lifetime measurements of the low-lying Jπ = 1− and

Jπ = 3− states, the E1 transition probability rates and the intrinsic dipole moment are determined.

The results are in agreement with those of previous theoretical calculations, allowing us to estimate

the extent of the octupole deformation of 228Th. This study indicates that the nuclei 229Th and

229Pa (Z = 91) may be good candidates for the search for a permanent atomic electric dipole

moment.
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Bohr and Mottelson interpreted observed spectra of deformed atomic nuclei as the man-

ifestation of rotational and vibrational degrees of freedom [1, 2]. In this pioneering work,

the excitations were understood as rotational or vibrational modes of quadrupole deformed

axially-symmetric nuclei. Since then it has became clear that some nuclei may also adopt re-

flection asymmetric shapes, such as those resulting from long-range octupole-octupole resid-

ual interactions. The operator associated with such interactions has negative parity, which

leads to the nucleus adopting shapes where reflection symmetry is broken. The distinctive

shape associated with static octupole deformation has led to such nuclei being referred to as

pear shaped, where the nuclear density is higher at one pole than the other. Such octupole

deformation can result in a separation of the centres of charge and mass which can result

in a sizeable electric dipole (E1) moment, which will be observable through enhanced E1

transitions between nuclear states [3].

Reflection asymmetric nuclei have attracted attention in recent years in the search for a

permanent atomic electric dipole moment (EDM). The Standard Model predicts a vanish-

ingly small, but non-zero, EDM. To date, no evidence has been found that supports this

prediction, despite several experiments having been undertaken using different methods [4–

8]. This is because the EDM predicted by the Standard Model is far below the sensitivity

of current experimental capabilities. Nevertheless, by placing upper limits on an EDM,

these studies have successfully constrained any proposed extensions of the Standard Model

predicting a significantly larger EDM value. The ACME II experiment, which has recently

improved on the upper limit on the EDM value by an order of magnitude [8], involves laser

spectroscopy of thorium monoxide molecules to measure the EDM. Some isotopes of thorium

are predicted to exhibit an enhanced octupole collectivity at low excitation energies [9]. The

use of such nuclei in the search for an EDM would be particularly attractive because the

induced E1 moment resulting from the reflection asymmetric shape enhances the nuclear

Schiff moment [10–13], and therefore the atomic EDM, by two to three orders of magni-

tude [14, 15]. In particular, Ref. [14] shows that the Schiff moment in the laboratory frame

exhibits a quadratic dependence on the extent of the octupole deformation.

One nucleus identified early as an ideal candidate with which to search for an EDM is 229Pa

(Z = 91). Possessing an odd number of protons, this nucleus was predicted to have a low-

lying parity doublet in which two states with the same total angular momentum are found

almost degenerate in energy [16]. Such a doublet, which is regarded as a signature of octupole
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correlations, was first reported by Ahmad et al. [17] in 1982. More recently, however, doubt

has been cast upon the existence of this doublet due to a lack of conclusive evidence [18–20].

Should 229Pa indeed be octupole deformed in the ground state it is expected that the even-

even nucleus 228Th (Z = 90), which constitutes the core of 229Pa to which an unpaired proton

is coupled, would also exhibit characteristics consistent with enhanced octupole correlations.

Another nucleus where an enhanced nuclear Schiff moment is predicted is thorium-229, which

corresponds to an unpaired neutron coupled to a 228Th core [21]. This further emphasises

the importance of determining the octupole deformation in 228Th.

A signature of reflection asymmetry in even-even nuclei is the presence of low-lying neg-

ative parity states. Such states, with total angular momentum values corresponding to 1 ~

and 3 ~, were first identified in α-decay spectroscopy measurements in the 1950s [22, 23].

Electromagnetic transitions between these negative parity states and members of the ground

state band are also good indications of octupole collectivity. For instance, the observation

of enhanced electric octupole (E3) transitions between the low-lying J = 3− state and the

J = 0+ ground state is considered as an unambiguous signature of octupole collectivity [24].

To date only two known nuclei have been found to exhibit both signatures: 224Ra [25] and

226Ra [26]. Nevertheless, there are a several actinide nuclei that have low-lying negative

parity states; theoretical studies have suggested they should have appreciable octupole de-

formations in the ground state [9, 27]. Indeed, density functional theories used in Ref. [9]

suggest that thorium nuclei are likely to have the largest octupole deformations of all the

actinides. However, disagreement exist between different theoretical models on which tho-

rium nucleus should exhibit the largest octupole collectivity. In the work of Agbemava et

al. [9], pronounced quadrupole and octupole deformations are expected in the ground states

of 226Th and 228Th and the octupole deformation parameter β3 is maximised for the latter.

In this paper we investigate the extent of octupole collectivity in 228Th by measuring the

enhancement of electric dipole transitions from the low-lying J = 1− and 3− states.

The observation of enhanced E1 transitions connecting negative and positive parity states

is generally considered a good indication of reflection asymmetry, albeit with some ambigu-

ity [3, 28]. One source of ambiguity arises from the enhancement of electric dipole transitions

that are not unique to octupole deformed nuclei but also manifest in well-deformed reflection-

symmetric nuclei due to the presence of low-lying octupole vibrational states [28]. This is

further complicated because the microscopic shell contribution to the dipole moment in the
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intrinsic frame effectively negates the macroscopic contribution from the reflection asymmet-

ric shape of the nucleus, which was first identified by Butler and Nazarewicz [3]. The most

striking example of this is observed in the work of Gaffney et al. [25] where they reported

measurements of a large E3 strength in 224Ra. This indicates a sizeable octupole collectivity

in the ground state, yet a small E1 strength, consistent with reflection-symmetric nuclei,

was also reported.

In our study we measure the lifetimes of low-lying excited states of 228Th using electronic

fast timing techniques based on fast scintillating γ-ray detectors. This represents the first

measurement of the absolute electric dipole transition rates in any thorium isotopes, for the

low-lying negative-parity states characteristic of octupole collectivity. When compared with

calculations available in the literature [24] we conclude that the low-energy structure of 228Th

is consistent with a strongly quadrupole-deformed nucleus with an octupole deformation

comparable with that reported in 224Ra [25]. Our findings suggest that the odd-A nuclei

229Th and 229Pa may be good candidates with which to search for a permanent EDM.

Spectra of γ radiation detected with the Start LaBr3(Ce) and HPGe detectors are shown

in Figure 1. The definition of the detectors can be found in the Methods section of this paper.

Since data are only recorded when a TAC pulse is generated, the LaBr3(Ce) spectrum of

Figure 1 represents the projection of a two-dimensional γ − γ (or Start-Stop) coincidence

matrix. The HPGe spectrum, however, is the projection of a three-dimensional γ − γ − γ

(Start-Stop-HPGe) coincidence matrix. It is clear from the spectrum that the majority of

the γ radiations observed is the result of decays of excited states in 208Pb (Z = 82) and

228Th. The former is the result of the β-decay of 208Tl (Z = 81) as the final stage of the

232Th decay chain, while excited states of 228Th are populated as the result of β-decay of

228Ac (Z = 89). There are a few intense γ rays associated with the 232Th decay chain that

are not observed in the spectra of Fig. 1 due to the decays having unity multiplicity and,

therefore, do not generate a TAC output.

The excited states and γ-ray transitions of interest in 228Th are shown in Figure 2. To

measure the lifetime of the Jπ = 1− state, the time difference between the arrival of 795 keV

and 328 keV or 795 keV and 270 keV transition photons (as they populate and depopulate

the state, respectively) was measured with the TAC. Corresponding TAC spectra are shown

in Figure 3a while a sample of the γ rays observed in coincidence with the 795 keV transition

is presented in Figure 3c. Peaks corresponding to the 270 keV and 328 keV transitions de-
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FIG. 1: Gamma-ray spectra resulting from the decay of 232Th. The top panel shows γ radiations

detected with the Start LaBr3(Ce) detector in coincidence with radiation detected in the Stop

LaBr3(Ce) detector. The bottom panel shows the γ-ray spectrum detected with a high-purity

germanium detector in coincidence with γ rays detected in both the Start and Stop detectors.

Peaks labelled in black and red are associated with the decay of excited states in 228Th and 208Pb,

respectively.
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FIG. 2: A partial level scheme showing relevant states and γ-ray transitions in 228Th. The total

angular momentum and parity of each state is indicated on the left for states of positive parity

and right for negative parity. The γ-ray transitions are indicated by vertical arrows with the

corresponding energy in units of keV shown.

exciting the 1− state clearly dominate the spectrum of Fig. 3c. In addition, some background

peaks corresponding to other intense transitions in the 232Th decay chain can be observed.

As a result, the peaks of interest for lifetime measurements sit on top of a background

dominated by events corresponding to Compton scattered background γ rays. The method

outlined by Ansari et al. [29] has been employed to correct for the effect of this background.

Following correction, the lifetime of the Jπ = 1− state was measured to be τ = 4(3) ps with

the 795-328 keV combination. Using the 795-270 keV combination it was only possible to

measure an upper limit corresponding to τ ≤ 5 ps. This value is consistent with the lifetime

measured with the 795-328 keV combination but has likely been affected by the presence of
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FIG. 3: Timing and γ-ray energy spectra. a Time-to-amplitude converter (TAC) spectra showing

delayed and anti-delayed coincidences between 795 keV and 328 keV transitions populating and

depopulating the Jπ = 1− state; b similar to a but for the 772 keV and 338 keV transitions

populating and depopulating the Jπ = 3− state; c spectrum of γ rays in coincidence with 795 keV

transition feeding the Jπ = 1− state; d γ rays in coincidence with 772 keV transitions feeding the

Jπ = 3− state. In panels c and d, the peaks labelled in black are associated with γ-ray transitions

in 228Th.

an intense 277 keV transition in the decay of 208Pb [30] the influence of which cannot be

excluded.

Figure 3d shows γ radiations observed in coincidence with 772 keV transitions which feed

the Jπ = 3− state. The 209 keV and 338 keV transitions, which have been established to

deexcite the 3− state, dominate this spectrum in addition to some background peaks. The

209 keV peak is significantly wider than that at 338 keV (and indeed the 270 keV peak

in Fig. 3c) suggesting the presence of additional background. It is likely that this is due

to backscattered photons originating from the other nearby detectors. The TAC spectra

corresponding to the 772 keV feeder and the 338 keV decay transitions are shown in Fig. 3b.

The background-corrected lifetime for the 3− state is found to be τ = 13.2(23) ps. In addition

to the lifetimes of the low-lying negative parity states, lifetimes of three positive-parity states

have been measured and listed in Table I.

The lifetimes of the first Jπ = 2+ and 4+ states have previously been measured using the

delayed-coincidence technique, where the difference in time between detection of a populating

α particle and the de-exciting γ-ray was measured [32]. Our results are in good agreement
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TABLE I: Properties of levels and transitions in 228Th as measured in this work. The first three

columns list the excitation energies, the total angular momenta and parities and the measured

lifetimes. The remaining columns list the reduced transition probabilities, B(EL), and the intrinsic

electric dipole, D0, and quadrupole moments, Q0. To calculate the reduced transition probabilities,

data related to the branching ratios, internal coefficients and transition multipolarities have been

extracted from Ref. [31].

Elevel Jπi → Jπf τ B(E1) |D0| B(E2) |Q0|

[keV] [ps] [10−4W.u.] [efm] [W.u.] [efm2]

58 2+ → 0+ 587(12) 170(3) 840(17)

187 4+ → 2+ 260(14) 224(12) 808(44)

328 1− → 0+ 4(3) 8(6) 0.16(8)

328 1− → 2+ ≤ 5 ≥ 14 ≥ 0.14

396 3− → 2+ 13.2(23) 3.8(7) 0.09(2)

969 2+ → 2+ 3.8(21) 2.5(14)

969 2+ → 0+ 3.8(21) 1.1(6)

with these studies confirming a large quadrupole deformation in the ground state. We have

also measured the lifetime of the Jπ = 2+ state for an excitation energy of 969 keV. Previous

studies of the high-spin states of 228Th have identified the state as the bandhead of a Kπ = 2+

γ-vibrational band [33]. The reduced transition probability, B(E2; 2+
γ → 0+) = 1.1(6) W.u.,

is similar to the B(E2; 2+
γ → 0+) = 1.3(5) W.u. value measured by Gaffney et al. [25] for the

γ-vibrational bandhead in 224Ra. In addition, the
B(E2;2+γ→0+)

B(E2;2+γ→2+)
= 0.45(29) ratio is consistent,

within uncertainties, with the limit of 0.7 expected from the Alaga rules [34], which further

supports the assignment of this level as the γ-vibrational bandhead in 228Th.

The measured lifetime of the Jπ = 1− state allows for a B(E1; 1− → 0+) = 0.8(6) ×

10−3 W.u. value to be extracted. A B(E1) rate of this magnitude is consistent with enhanced

octupole collectivity, but is similar to the B(E1; 1− → 0+) < 1.5×10−3 W.u. value reported

by Gaffney et al. [25] for the octupole-vibrating nucleus 220
86 Rn. Few theoretical predictions

exist for the E1 strength of low-energy states of the thorium nucleus. A comprehensive study

of the dipole strength in actinide nuclei, performed by Butler and Nazarewicz [3], predicts

the E1 strength only for the high-spin states of 228Th. A more recent study, performed by
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Robledo and Butler [24], considered the coupling of the quadrupole and octupole collective

degrees of freedom to predict B(E1; 1− → 0+) = 1.2× 10−3 W.u. for 228Th.

The intrinsic dipole moment, D0, can be calculated directly from the measured B(E1)

rates according to the rotational model formula:

B(E1; Ji → Jf ) =
3

4π
D0

2〈JiKi10|JfKf〉2, (1)

where 〈JiKi10|JfKf〉 is the Clebsch-Gordan coefficient. The use of a rotational model

formula is appropriate for a nucleus such as 228Th, which exhibits clear signs of rotational

motion (Q0 = 840(17) efm2 and E(4+
1 )/E(2+

1 ) = 3.22). This formula is commonly applied

to the actinide region, regardless of how rotational the nuclei appear, to obtain a consistent

measure of the dipole moment from available data. Our measurement results in a value

of D0 = 0.16(8) efm for the Jπ = 1− state. This D0 value, while consistent within one

standard deviation, is larger than the values reported for any of the higher spin states of

228Th extracted indirectly from observed B(E1)/B(E2) ratios [35, 36]. This dipole moment

is also larger than the prediction of D0 = 0.07 efm for Jπ = 8− by Butler and Nazarewicz [3]

indicating that the dipole moment, and possibly, the octupole collectivity in this nucleus

was underestimated in their calculations.

The intrinsic dipole moment of D0 = 0.09(2) efm calculated in the current work for the

Jπ = 3− state in 228Th is consistent with the results of Ackermann et al. [36] in which a

lower limit (D0 ≥ 0.1 efm) was determined by means of B(E1)/B(E2) ratios. The lower

limit in the previous study corresponds to a maximum value of the observed branching of

the 3− → 1− E2 transition. It is worth noting that the value of D0 measured for the Jπ = 3−

state in our work is in good agreement with the values established for higher-spin states in

the octupole band of 228Th which range from 0.11− 0.13 [35, 36].

The fact that the calculations of Robledo and Butler [24] reproduce the experimentally-

determined B(E1; 1− → 0+) value suggests that they can be used to estimate the extent of

octupole collectivity in the low-energy states of 228Th. In the case of the ground state of

228Th, the calculations of Ref. [24] predict a pronounced minimum in the potential energy

corresponding to an octupole moment Q3 = 3500 efm3. These calculations overestimate

the octupole moment in 224Ra, which was measured to be Q3 = 2520(90) efm3 [25], by a

factor of ∼ 15%. Scaling the octupole moment for 228Th to 2950 efm3 and using the mea-

sured quadrupole moment Q0(2
+) = 840(17) efm2, the equations described by Leander and
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Chen [37] have been used (neglecting terms higher than L = 3) to calculate the quadrupole

and octupole deformation parameters β2 = 0.21(1) and β3 = 0.11(2) for 228Th. The un-

certainties reported here include the effects of measurements and the scaling factor in the

octupole moment. These values of the deformation parameters are comparable with the

theoretical values of β2 = 0.21 and β3 = 0.15 reported by Agbemava et al. [9]. Dobaczewski

et al. [38] have predicted that the Schiff moments of odd-A actinide nuclei are correlated

with the octupole moments in the neighbouring even-even nuclei. Comparing the octupole

deformation obtained as a result of this work with those reported for 224Ra [25] (β2 = 0.154

and β3 = 0.097) indicates that odd-A nuclei composed of a 228Th core, such as 229Pa and

229Th, may be superior candidates for the search for a nuclear EDM. The increased β3 value

for 228Th means that the collective Schiff moment may be larger in 229Pa and 229Th com-

pared with odd-A Rn and Ra nuclei currently attracting attention in searches for an atomic

EDM [39, 40].

Excited states of 228Th are populated by the β-decay of the ground state of 228
89 Ac following

the α-decay of the 232Th nucleus. A foil of natural 99.5% purity thorium with dimensions of

50×50×0.05 mm acted as a source of 232Th nuclei with an activity corresponding to approx-

imately 6 kBq. Due to being in a state of secular equilibrium the foil provided ∼6 kBq of

228Ac. The thorium foil was located equidistant between two cerium-doped lanthanum bro-

mide (LaBr3(Ce)) detectors, the front faces of which were separated by 7 mm. The thorium

foil was oriented such that short axis was aligned along the LaBr3(Ce)-LaBr3(Ce) detector

axis. This arrangement ensured that the difference in distance between a decaying nucleus

and each of the LaBr3(Ce) detectors remains less than 0.05 mm at all times. This ensured

that any offsets in the time spectra were reduced to below 0.2 ps. The cylindrical LaBr3(Ce)

crystals each had a diameter and length of 25.4 mm and are coupled to Hamamatsu R9420

photomultiplier tubes. Each detector was located 3.5 mm from the thorium foil. An Ortec

GEM P-type high-purity germanium (HPGe) detector was orientated 90◦ relative to the

LaBr3(Ce)-LaBr3(Ce) detector axis. This detector had a relative efficiency of 59% and an

endcap diameter of 70 mm. Signals from the LaBr3(Ce) detectors were optimised for timing

measurements and connected to a time-to-amplitude converter (TAC), which produced an

output voltage proportional to the difference in time between detection of two detected γ-ray

photons, respectively.

Waveform traces from each of the detectors and the TAC were recorded using a CAEN
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FIG. 4: Top shows the γ−γ time-walk dependence with γ-ray energy of the fast-timing apparatus.

Data points correspond to transitions depopulating prompt states in 152Sm and 152Gd following

the β-decay of 152Eu. Error bars are smaller than the symbols for the data points. Bottom shows

the differences between the data and the fitted prompt response function with the dashed line

indicating two standard deviations.

V1725 digitiser and stored using the MIDAS data acquisition software [41]. Custom software

was used to reduce the data by extracting the pulse heights from the traces using a moving

window deconvolution algorithm. The reduced data were subsequently analysed using the

Root data analysis framework [42].

The lifetimes of excited states were measured according to the mirror symmetric centroid

difference (MSCD) method outlined by Regis et al. [43]. This method involves two γ-ray

detectors, the signals of which are processed by a constant-fraction discriminator (CFD). The

resultant logic signal from one CFD is used as the Start input of the TAC while the other is

artificially delayed before providing the Stop signal for the TAC. The method involves using

the Start detector to detect the γ-ray photons populating an excited state of interest and

the Stop detector to detect γ rays depopulating the state. As a result, a spectrum of TAC

values with a Gaussian distribution is obtained when the lifetime of the state is sufficiently

short (τ ≤ 150 ps). For longer lifetimes the Gaussian distribution has an exponential tail.

This configuration is known as the delayed configuration. In the anti-delayed configuration

the Start detector is used to detect the depopulating transition while the Stop detects

the populating transition. The difference between the first moments of the delayed and

anti-delayed TAC spectra (∆C) is proportional to the lifetime of the state. However, a

natural ‘time-walk’ is associated with the CFD, which must be accounted for to obtain
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accurate lifetimes. The effect of the time-walk is such that ∆C values will increase as the

energy of the detected transitions increases regardless of the lifetime of the state. The

time-walk can be quantified by measuring ∆C as a function of energy for precisely known

picosecond transitions. There are a number of suitable states in the 152Sm and 152Gd nuclei

that are populated as a result of the β-decay of a standard 152Eu γ-ray calibration source.

The resulting ∆C values obtained using the prompt states in 152Sm and 152Gd are shown

in Extended Data Figure 1 as a function of the energy of the depopulating transition.

The resulting curve fitted to the 152Eu data is known as the prompt response function

(typically referred to as PRD) of the fast-timing apparatus, which is used to correct for

the CFD time-walk. The lifetime is calculated as τ = (∆C −∆PRD)/2, where ∆PRD is

the difference between PRD values for the γ-ray energies detected with the Start and Stop

detectors, respectively. To check that the PRD curve obtained with the 152Eu calibration

source remained valid for the thorium foil, measurements of lifetimes of excited states in

other nuclei, also populated in the decay of 232Th, have been performed and compared with

literature values. For example, the first excited state in 212Po was measured to have a

lifetime of 19.5(25) ps which agrees with the value of 20.5(26) ps reported by Kocheva et

al. [44]. In addition, the lifetime of the second excited state (Elevel = 3198 keV; Jπ = 5−) in

208Pb was measured as 443(2) ps in good agreement with the error-weighted literature value

of 424(22) ps [30].

Data availability

Source data are available for this paper. All other data that support the plots within

this paper and other findings of this study are available from the corresponding author upon

reasonable request.

Code availability

The codes used to process the data presented in this paper are available from the corre-

sponding author upon reasonable request.
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