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I. INTRODUCTION36

The heavy nuclei beyond the last doubly magic nucleus37
208Pb in the actinide region from radium to nobelium38

show a variety of shapes in the ground state and at higher39

excitation energies. Besides a pronounced ground-state40

deformation in the quadrupole degree of freedom, also41

higher multipole orders are relevant and necessary to un-42

derstand the basic properties of these nuclei. Especially,43

this is relevant for the extrapolation into the region of44

the heaviest elements, where a reduced deformation be-45

yond the mid-shell region is a clear indicator for the next46

magic number. At this point not only the deformation as47

a function of proton number, but also its dependence on48

the neutron number is of highest interest for the under-49

standing of the shell closures of super-heavy elements.50

At the moment several theoretical predictions based51

on different models are put forward to describe shapes52

and collective excitations and await experimental veri-53

fication. The ground-state energies, first excited states,54

and deformation parameters of a wide range of heavy nu-55

clei from Ra up to the super-heavy region were calculated56

in a macroscopic-microscopic approach [1]. The Yukawa-57

plus-exponential model is taken for the macroscopic part58

of the energy and the Strutinsky shell-correction is used59

for the microscopic part. Detailed predictions for the60

even isotope chains 226−236Th and 226−242U are given61

with a minimum of excitation energy of the first 2+ state62

and a maximum of deformation energy at N = 144, 14663

exactly at the border where experimental data are avail-64

able.65

A second macroscopic-microscopic model [2] is based66

on the Lublin-Strasbourg drop, the Strutinsky shell-67

correction method, and the Bardeen-Cooper-Schrieffer68

approach for pairing correlations used with the crank-69

ing model, taking into account a dynamical coupling of70

rotation with the pairing field. The results describe ro-71

tational bands in even-even Ra to Cn isotopes.72

The g. s. band and low-lying alternative parity bands73

in the heaviest nuclei are also calculated within a clus-74

ter model [3]. The model is based on the assumption75

that reflection asymmetric shapes are produced by the76

motion of the nuclear system in the mass asymmetry co-77

ordinate. For the lightest N = 148 isotones including78
240U, detailed results on the levels of the ground-state79

rotational band and states of the alternating parity band80

are obtained. This includes transitional electric dipole,81

quadrupole, and octupole moments for the transitions82

from the ground state to the states of alternating parity83

band.84

A very extensive theoretical study in the region from85

thorium to nobelium isotopes covered nearly all aspects86

of heavy actinide nuclei [4]. As part of the analysis,87

collective rotational excitations in the even-even nuclei88
226−236Th and 228−242U were determined employing the89

Gogny D1S force together with the constrained Hartree-90

Fock-Bogolyubov (HFB) mean-field method as well as91

the configuration mixing, blocking, and cranking HFB92

approaches. The theoretical values for kinetic moments93

of inertia for the yrast normal deformed band of 240U as94

a function of rotational frequency will be directly com-95

pared with experimental results from this paper.96

Recent theoretical results on sequences of heavy nu-97

clei from Th to No are obtained within self-consistent98

relativistic Hartree-Bogolyubov mean-field calculations99

which provide a unified description of particle-hole and100

particle-particle correlations on a mean-field level [5].101

The two parts of the mean field are determined by a rel-102

ativistic density functional in the particle-hole channel,103

and a new separable pairing interaction in the particle-104

particle channel. As one result of many others, sev-105

eral predictions are made for unknown ground-state axial106

quadrupole and hexadecapole moments along the isotopic107

chains of Th, U, Pu, Cm, Cf, Fm and No.108

Octupole deformation properties of even-even 220−240U109

isotopes were also studied within the HFB mean-field110

framework employing realistic Gogny and BCP energy111

density functionals [6]. Here, a octupole collective Hamil-112

tonian is used to obtain information on the evolution of113

excitation energies and E1 and E3 transition probabilities114

of the first negative-parity band-heads.115

Afanasjev et al. [7, 8] employed cranked relativis-116

tic Hartree-Bogoliubov (CRHB) calculations for a sys-117

tematic study of pairing and normally-deformed rota-118

tional bands of even-even and odd-mass actinides and119

transactinide nuclei within the relativistic (covariant)120

density functional theory (CDFT) framework. The121

calculations have been performed with the NL1 and122

NL3∗ parametrizations of the relativistic mean-field La-123

grangian. Pairing correlations are taken into account124

by the Brink-Booker part of the finite-range Gogny D1S125

force. The stabilization of octupole deformation at high126

spin is suggested by an analysis of discrepancies be-127

tween theory and existing experimental information in128

the band-crossing region of A ≈ 240 nuclei.129

The experimental results from in-beam γ-ray spec-130

troscopy on excited states are either obtained in the vicin-131

ity of the few isotopes suited as target material in this132

mass region or have been measured after fusion evapo-133

ration reactions. In both cases mainly neutron-deficient134

actinide nuclei were investigated. Another approach is135

based on multinucleon-transfer (MNT) reactions as a tool136

for spectroscopy of heavy nuclei. One type of experiments137

rely on the high resolving power and efficiency of a pow-138

erful γ-ray detector array to separate the γ-rays from139

the multitude of reaction products and a tremendous140

background from fission [9]. A second group of measure-141

ments rely on few-nucleon transfer reactions with light142

oxygen beams and were successfully exploited to detect143

excited states, e.g. in neutron-rich 236Th, 240,242U iso-144

topes [10, 11]. γ rays were detected in coincidence with145

the outgoing transfer products. For the most neutron-146

rich cases the rotational g. s. band was detected up to147

spin 8 to 10 ~.148

In this paper we report and discuss the results of149

two experiments based on different MNT reactions which150
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Table I. Details of the experimental setups.

Beam

Particle 70Zn 136Xe
Energy 460 MeV 1000 MeV
Current 2–2.5 pnA 2 pnA

Target

Element 238U 238U
Backing – 93Nb
Target thickness 1 mg/cm2 1 / 2 mg/cm2

Backing thickness – 0.8 mg/cm2

were performed at the INFN Laboratori Nazionali di Leg-151

naro (LNL) in order to study the structure of neutron-152

rich actinide nuclei. Experimental details and data anal-153

ysis are described in the following two sections. Final154

results are deduced from γ-ray spectra in section III. A155

detailed comparison with theoretical predictions and in-156

terpretation of the new findings are given in section IV157

before summary and conclusions.158

II. EXPERIMENTAL SETUP159

In the first experiment, the tandem van-de-Graaf ac-160

celerator in combination with the post-accelerator ALPI161

delivered a 70Zn beam with an energy of 460 MeV and162

a current of 2-2.5 pnA. The beam impinged onto a 1 mg163
238U target. The lighter Zn like isotopes were identified164

with the magnetic spectrometer PRISMA [12–14] and165

the γ rays were measured with the HPGe detector ar-166

ray CLARA [15]. The PRISMA spectrometer was placed167

at angles of 61◦ and 64◦ with respect to the beam axis168

to identify the lighter beamlike reaction products of the169

multinucleon-transfer (MNT) reaction. The details of the170

PRISMA setup are summarized in table I. Details of the171

PRISMA analysis are summarized in [16].172

In the second experiment a beam of 136Xe was acceler-173

ated onto a 238U target by the PIAVE-ALPI accelerator174

complex. Again the PRISMA spectrometer was used to175

identify the beamlike particles after the MNT reaction176

took place. Details of the setup are listed in table I.177

γ Rays from excited states in both beam- and target-178

like nuclei were measured employing the high-resolution179

position-sensitive γ-ray spectrometer AGATA [17] in its180

demonstrator configuration [18] placed 23.5 cm from the181

target position. The array consisted of 15 large-volume182

electronically-segmented high-purity Ge (HPGe) detec-183

tors comprised in five triple cryostats [19]. The solid-184

angle coverage of the AGATA demonstrator was about185

7% of 4π. During the experiment, the count rate of each186

individual HPGe crystals was maintained between 20 and187

30 kHz. A 40 × 60 mm2 large DANTE (Detector Array188

for Multinucleon Transfer Ejectiles) multi-channel plate189

detector [18] was mounted in the reaction plane covering190

the angle range which corresponds to the grazing angle191

for the targetlike reaction product in order to request192

a kinematic coincidence between the different reaction193

products.194

III. DATA ANALYSIS195

Details of the PRISMA analysis are reported in [16] for196

the CLARA experiment and in [20, 21] for the AGATA197

experiment. The measured quantities allow to determine198

information on the element, the mass number and the199

velocity vector for the individual lighter MNT reaction200

products. This enables the calculation of the element201

number, the mass number and the velocity vector of the202

binary reaction partner prior neutron evaporation or fis-203

sion has occurred. Therefore, by gating on a particular204

isotope of the lighter beamlike reaction products, the ac-205

tinide targetlike reaction products are identified. In addi-206

tion, the total kinetic energy loss (TKEL) in the system207

after the reaction was determined. The resolution of the208

TKEL value is limited due to the target thickness and the209

position uncertainty of the beam spot on the target. It210

is likely that most of the produced actinide nuclei are ex-211

cited up to an energy higher than the neutron-separation212

energy which enables neutron evaporation. Nonetheless,213

a gate on the TKEL value is helpful to constrain the exci-214

tation energy of the nuclei and to suppress fission events215

[20].216

Results from the 70Zn experiment are shown in Fig.217

1. The selected nucleus after the identification with218

PRISMA is 68Zn and the corresponding binary partner219

is 240U. The γ-ray spectra are Doppler corrected for220

the targetlike actinide nuclei. The TKEL distribution221
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Figure 1. (Color online). Results for 68Zn identified in
PRISMA. The corresponding binary partner of the reaction
is 240U. The singles γ-ray spectra in the graph are Doppler
corrected assuming targetlike actinide nuclei. The inset shows
the TKEL value in arbitrary units divided in three regions 1,
2 and 3. The color code of the γ-ray spectra corresponds to
the three different TKEL regions.
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is given in the inset. It is divided into three regions. The222

γ-ray spectrum corresponding to TKEL region 1 (blue)223

shows a constant structureless background caused by fis-224

sion [20]. The γ-ray spectrum of region 2 (red) shows high225

background contributions and indications for overlapping226

peaks. Events from fission and neutron evaporation are227

visible. In the γ-ray spectrum corresponding to the third228

TKEL cut (black), distinct peaks of 238−240U can be iden-229

tified. Known transitions from 240U dominate and are230

indicated in the figure. Decays of the g. s. band up to231

the 12+ are visible, the energies compare well with pre-232

vious measurements [10]. In addition, unobserved lines233

of the rotational sequence can be identified.234

To ensure that different γ-ray decays are part of the235

g. s. band, γγ coincidences are analysed. The overall236

projection of the γγ matrix is shown in the top spectrum237

of Fig. 2. Similar to the singles spectrum (see Fig. 1) the238

γ rays from the transitions of the g. s. band in 240U are239

clearly visible. In addition candidates for the decay of the240

14+ up to the 20+ are visible. By gating on the different241

energies up to 381 keV the expected coincidences show242

up, see middle plots of Fig. 2. In the bottom plot the243

sum of all coincidence gates is shown. Up to an energy244

of 409.9 keV intraband transitions are identified.245

The second experiment employed the heavier 136Xe246

beam with an energy of 1 GeV. The AGATA demon-247

strator was used for γ-ray detection and in addition to248

PRISMA a DANTE detector was mounted inside the249

scattering chamber. The trigger requested a signal from250

the focal plane detector of PRISMA. All validated events251

including the full information of the digitized preampli-252

fier responses of all AGATA channels were written to253

disk. This opened the opportunity to optimize energy254

and timing settings before replaying the complete exper-255

iment. An improved Doppler correction, possible due to256

the position resolution and tracking capabilities of the257

AGATA spectrometer [22], was performed. By gating on258

the prompt time peak between AGATA and PRISMA,259

random background could be significantly suppressed.260

Similar to the Zn experiment the targetlike actinide nu-261

clei are selected by gating on the binary partner identified262

in PRISMA. As introduced in [20], the time-of-flight dif-263

ference (∆ToF) between the two reaction products was264

measured at the entrance detector of PRISMA and the265

DANTE detector inside the scattering chamber. A 2D266

histogram in which ∆ToF and the calculated TKEL are267

correlated is shown in Fig. 3 for 134Xe. A gate is applied268

to select transfer events.269

The resulting γ-ray spectra were presented in [20] (see270

Fig. 6 for 238U and Fig. 13 for 240U in [20]) in order271

to demonstrate the selectivity and quality of the MNT272

reaction. However no results of the following detailed273

analysis were given. Different isotopes, namely 238−240U,274

contribute to the γ-ray spectrum of 240U. An additional275

gate on the TKEL allows to suppress neutron evapora-276

tion.277

The resulting spectra are shown in Fig. 4 for 238U and278

in Fig. 5 for 240U. The spectrum of 238U shows γ-rays279

50

100

150

200

2

6

10

4

8

12

C
ou

nt
s 
/
2
ke
V

6

12

18

2

4

6

2

4

6

2

4

6

10

30

50

70

50 100 150 200 250 300 350 400 450 500

Energy [keV]

Gate on
162 keV

Gate on
215 keV

Gate on
264 keV

Gate on
307 keV

Gate on
347 keV

Gate on
381 keV

Sum
all gates

Projection

6+
 →

 4
+

8+
 →

 6
+

10
+

 →
 8

+

12
+

 →
 1

0+

14
+

 →
 1

2+

16
+

 →
 1

4+
18

+
 →

 1
6+

20
+

 →
 1

8+

X
-r

ay
 U

 (
K

L)

X
-r

ay
 U

 (
K

M
)a)

b)

c)

d)

e)

f)

g)

h)
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Figure 3. (Color online). 2D histogram of ∆ToF and TKEL
value for all events with 134Xe identified in PRISMA. The
2D gate selecting primarily MNT events is plotted as a solid
black line.
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Figure 4. Doppler corrected single γ-ray spectra for 238U
gated by 136Xe identified in PRISMA. Beside the applied gate
for MNT an additional cut on the TKEL value was performed
(see black region in inset).

from the de-excitation of states from the g. s. band up to280

spin 22+. In addition transitions from the first negative281

parity band are observed up to spin 17−, the (I → I−1)282

interband transitions are clearly visible. For the decay283

of the 13− and 5− state, the I → I + 1 lines are present284

with low statistics. However, most of the I → I + 1 have285

similar energies like the g. s. band.286

In the γ-ray spectrum of 240U the same transitions up287
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Figure 5. Doppler corrected single γ-ray spectra for 240U
gated by 134Xe identified in PRISMA. Beside the applied gate
for MNT (see Fig. 3) an additional cut on the TKEL value
was performed (see black region in inset).

to 431.9 keV are seen, like in the γγ sum spectrum of288

Fig. 2. Additional weaker lines are visible in the spec-289

trum which will be tentatively assigned to decays from290

higher-spin states. Several lines are candidates for the291

decay of states from the first negative-parity band, simi-292

lar to the energies reported in [10]. Unfortunately some293

of the observed lines are close in energy with decays of the294

first 2+ and 4+ states of the binary partner. Energies are295

shifted and line width is broadened due to the Doppler296

correction made for the binary partner 240U. Two in-297

terband transitions from the 3− state, the I → I ± 1298

decays, are visible. For the decays from the 5−, 7− and299

9− states only the I → I − 1 transition can be identified.300

The statistics of all the lines are not sufficient to perform301

a γγ-analysis and the proposed assignment is tentative.302

In summary, the spin assignment for the observed tran-303

sitions of the ground-state rotational band up to spin304

20+ are based on the γγ coincidences relation (see Fig.305

2). All transitions were clearly observed in the CLARA306

and AGATA experiment. The two transitions at 449 and307

455 keV are most probably caused by the decay of the308

22+ and 24+ states of the g. s. band. Level energies for309

the 3−, 5−, 7−, and 9− states are taken from Ref. [10]310

due to experimental difficulties explained above. All the311

measured γ-ray energies and the assignments are listed312

in table II, included are also results reported in [10]. The313

corresponding level scheme is presented in Fig. 6.314



6

Table II. γ-Ray energies and spin assignments for 240U.

This work Ishii et al. [10]
Eγ [keV] Ii → If Eγ [keV] Ii → If

105.6 (1) 4+ → 2+

161.9 (10) 6+ → 4+ 162.1 (1) 6+ → 4+

215.4 (10) 8+ → 6+ 215.4 (1) 8+ → 6+

263.9 (10) 10+ → 8+ 264.1 (2) 10+ → 8+

307.5 (10) 12+ → 10+ 307.6 (3) 12+ → 10+

346.5 (10) 14+ → 12+

379.4 (10) 16+ → 14+

409.9 (10) 18+ → 16+

431.9 (10) 20+ → 18+

448.6 (10) (22+ → 20+)
(455.1) (10) (24+ → 22+)
475.8 (10)
513.7 (10) (21− → 20+)
565.1 (10) (19− → 18+)
601.6 (10) (17− → 16+)
(642.0) (10) (15− → 14+)
675.2 (10) (13− → 12+)
697.2 (19) 3− → 4+ 696.4 (5) 3− → 4+

710.0 (10) (11− → 10+)
749.0 (20) 9− → 8+ 747.5 (3) 9− → 8+

778.1 (32) 7− → 6+ 774.5 (3) 7− → 6+

791.9 (35) 5− → 4+ 794.0 (3) 5− → 4+

800.8 (20) 3− → 2+ 801.9 (5) 3− → 2+

IV. INTERPRETATION315

In Fig. 7, a comparison between the energies of the316

g. s. band levels obtained in this experiment, the data317

obtained by Ishii et al. [10] and theoretical predictions318

are shown. The experimental data agrees well with the319

level schemes calculated within the cluster model [3]. For320

the macroscopic-microscopic model two results are given321

[2]. The dynamical coupling of rotation and pairing mode322

agrees well with the experimental data. The level ener-323

gies predicted by the I(I + 1) rule are increasingly too324

high as a function of spins underlining the necessary cou-325

pling as reported by [2].326

A refined comparison between the experimental results327

and predictions from theory are based on the kinetic328

moment of inertia Jkin (MoI), which is deduced from329

the transition energies Eγ of the ground-state rotational330

band [23–25].331

Jkin =
I

ω
=

~2 (2I − 1)

Eγ (I → I − 2)
(1)

The rotational frequencies are calculated using the ex-332

pression333

~ωkin =
Eγ√

I(I + 1)−
√

(I − 2)(I − 1)
. (2)

The deviations in energy differences between the consec-334

utive rotational transition energies are the basis to define335
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Figure 6. Proposed extended level scheme for 240U. Spin
and parity assignments are taken from [10] or based on γγ-
coincidence relationships. Tentative assignments are given in
brackets.

a dynamic MoI Jdyn:336

Jdyn =
dI

dω
≈ ~2∆I

∆Eγ
=

4~2

Eγ1 − Eγ2
(3)

with Eγ1 = E(I → I − 2) and Eγ2 = E(I − 2 → I −337

4). The corresponding dynamic rotational frequencies338

are defined as339

~ωdyn =
[Eγ1 + Eγ2]

4
. (4)

With the following parametrization by Harris [26], the
kinetic and dynamic MoI are found:

Jkin = J1 + J2ω2

Jdyn = J1 + 3J2ω2 (5)
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Figure 7. Comparison of experimentally determined level en-
ergies with theoretical predictions. Data taken from [10] (a),
this paper (b), theoretical prediction from cluster model [3]
(c) and from a macroscopic-microscopic approach [2] with dy-
namical coupling (d) or I(I + 1) sum rule (e).

The transitions below the 4+ state are not visible in340

the γ-ray spectra due to decay by internal electron con-341

version. For the two lowest unobserved transitions, the342

level information from Ishii et al. [10] (Eγ(4+ → 2+) =343

105.6 keV) and previous α-decay [27] and 238U(t,p) [28]344

measurements, (Eγ(2+ → 0+) = 45(1) keV), are taken.345

The spins for the ground-state rotational band are346

linked to the rotational frequency and the Harris fit pa-347

rameters [29]:348

I = J1ω + J2ω
3 +

1

2
, (6)

In this way the transition energies of the 2+ → 0+349

and 4+ → 2+ states are determined to be 45.5(3) and350

104.9(6) keV, respectively. These values agree well with351

the given literature values.352

The Harris parametrization provides a good indicator353

for comparison of the experimental MoI with the regular354

I(I + 1) behaviour. Both MoI values, Jkin and Jdyn (see355

eq. 5), are fitted to the experimental data up to the 12+356

g.s. band state. The determined parameters are J1 =357

(65.8 ± 0.4) ~2 MeV−1 and J2 = (369 ± 27) ~4 MeV−3
358

for 240U. The ground-state value of the MoI compares359

well with the calculated value of 66.9 ~2 MeV−1 by So-360

biczewski et al. [1]. The fits and the experimental data361

points are shown in Fig. 8. The evolution of the moments362
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Figure 8. (Color online). Fits employing the Harris
parametrization of Jkin and Jdyn for the U isotopic chain from
236U to 240U. Data for A = 236 and 238 are taken from [30].

of inertia as a function of rotational frequency ω are also363

shown for the lighter even-even isotopes 236,238U (exper-364

imental values for 236,238U are taken from [30]). The365

J1 values are similar for all three isotopes; only the J2366

value of 240U is smaller than for 236,238U. For the higher367

transitions beyond the 12+ state an increasing deviation368

to the fit, an upbend, is observed. The smooth upbend369

[31] in 240U beyond the 18+ g.s. band state is more pro-370

nounced than in the corresponding neutron-deficient iso-371

topes along the U isotopic chain. A similar behavior is372

found along the even-even Pu isotopes [32].373

The experimental kinetic MoI of 240U is compared to374

kinetic MoIs from various theoretical calculations (red375

data points versus black lines in Fig. 9). For the model376

by Delaroche et al. [4] the absolute numbers of the ki-377

netic MoI are consistently higher than the experimen-378

tally determined MoI. The slope of the upbend of the ki-379

netic MoI around a rotational frequency of 0.2 ~2 MeV−1
380

is in reasonable agreement with the experimental data.381

The macroscopic-microscopic model by Nerlo-Pomorska382

et al. [2] underestimates the beginning the experimental383

upbend. The cluster model by Shneidman et al. [3] does384

not include predictions for the behavior at higher rota-385

tional frequencies. The behavior of the MoI is best repro-386

duced by the relativistic CRHB approach by Afanasjev387

et al. [7, 8]. Up to 18 ~ the LN(NL3∗) parametrization388

is in very good agreement with the data points, while at389

even higher spins the LN(NL1) values are getting closer.390
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Both CRHB + LN(NL1) and CRHB + LN(NL3∗) cal-391

culations suggest a sharp increase of the kinetic MoI392

above Jkin ≈ 0.2 MeV. Indeed a change of slope is ob-393

served at this energy. This upbend is predominantly due394

to the alignment of proton i13/2 and neutron j15/2 or-395

bitals which take place at similar rotational frequencies396

[7].397
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Figure 9. (Color online). Kinetic MoI obtained in this experi-
ment (red points) in comparison to various theoretical predic-
tions. The CRHB + LN(NL1) and CRHB + LN(NL3∗) cal-
culations by Afanasjev et al. best reproduce the experimental
data. The experimental values for the decays of the 4+ and
2+ g.s.b. states were taken from the literature [10, 27, 28].

Besides the extension of the g. s. band, the AGATA ex-398

periment also yielded results on the first negative-parity399

(octupole) band. The first states of the octupole band400

of 240U were observed at higher energies than in 236,238U401

by Ref. [10].402

To disentangle the octupole correlations or deforma-403

tion from octupole vibration, properties of the negative-404

parity band were scrutinized. In case of strong octupole405

correlations an alternating parity band occurs. Here, the406

odd-spin negative-parity states lie much lower in excita-407

tion energy and form an alternating parity band together408

with the adjacent positive-parity even-spin states. Char-409

acteristic feature of vibrational octupole motion is that410

the negative parity states appear at higher excitation en-411

ergies and are well separated from the positive parity412

states [33]. In the top panel of Fig. 10, the energy stag-413

gering (or parity splitting) S(I) between the odd-spin,414

negative parity and even-spin, positive-parity bands of415
236,238,240U is presented.416

S(I) = E(I)− E(I − 1)(I + 1) + E(I + 1)I

2I + 1
(7)

S(I) displays to which extend the odd spin I of the417

negative-parity band has an excitation energy located in418

between those of the two neighboring even-spin states419

with spins I − 1 and I + 1, therefore, parameterizing to420

which extend the two bands of opposite parity can be re-421

garded as a single, rotational octupole excitation [32, 34].422

The staggering observed in the three uranium isotopes is423

largest for 240U at low spins as expected for a vibrational424

band. With increasing spin the S(I) value comes down425

to values between 236U and 238U. A similar behavior426

was also observed in neutron-rich 242,244Pu isotopes [32].427

Another indicator is given by the ratio between the rota-428

tional frequencies of the positive- and the negative-parity429

bands.430

ω−(I)

ω+(I)
= 2

E−(I + 1)− E−(I − 1)

E+(I + 2)− E+(I − 2)
(8)

Values are presented in the bottom panel of Fig. 10; it431

approaches 1 for a stable octupole deformation and is432

(2I−5)/(2I+1) in the limit of aligned octupole vibration433

[34].434

Another approach to evaluate the behaviour of the
negative-parity band was introduced by Jolos et al. [33].
The model suggests a formula for the angular momentum
dependence of the parity splitting in alternating parity
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Figure 10. (Color online) Top: Staggering S(I) in the three
uranium isotopes 236U, 238U and 240U. The staggering pa-
rameter for 240U continues to decrease up to the highest spins
while S(I) saturates in the lighter U isotopes. Bottom: Ratio
of rotational frequencies of the positive- and negative-parity
bands as a function of spin. 236,238U data taken from [30].
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bands from a solution of the one-dimensional Schrödinger
equation with a double-minimum potential. The normal-
ized parity splitting is defined as ∆ε(I) ≡ ∆E(I)/∆E(2)

with ∆E(I) the parity splitting averaged over three
neighboring values of I:

∆ε(I) = exp

[
− I(I + 1)

J0(J0 + 1) [1 + a I(I + 1)]

+
6

J0(J0 + 1)(1 + 6a)

]
(9)

The deduced values of − ln(∆ε(I)) for 236−240U with two435

fits for a = 0 (dashed lines) and a as a free parameter436

(solid line) are plotted in Fig. 11. The general behaviour437

for all three isotopes is comparable: starting with a lin-438

ear increase at low spins, for higher spin values a positive439

parameter a describes the data. This behaviour is unam-440

biguously assigned to octupole vibrational nuclei by Jolos441

[33]. Moreover the good agreement of the fit and the data442

supports the validity of the experimental findings.443

V. SUMMARY AND CONCLUSIONS444

In summary, we have measured γ rays in 240U af-445

ter multinucleon transfer induced by 70Zn+238U and446
136Xe+238U reactions. The magnetic spectrometer447

PRISMA was employed, in the first experiment coupled448

to the γ-ray detector CLARA and in the second one to449

the γ-ray tracking detector AGATA together with the450

particle detector DANTE. Neutron-rich 240U was iden-451

tified by gating on the binary partner 134Xe identified452

by PRISMA. Neutron evaporation channels were sup-453

pressed by restrictions on the TKEL value. Conditions454

on particle-particle coincidences were employed to sup-455

press the fission-induced background. The information456

on the beamlike reaction products from PRISMA was457

combined with a Doppler correction for the targetlike nu-458

clei to study the structure of 240U. Especially for the sec-459

ond experiment, the advanced opportunities of the novel460

gamma-ray tracking technique yielded improved Doppler461

corrected γ-ray spectra.462

The heavy ion induced reactions involved higher an-463

gular momentum allowing an extension of the g. s. band464

of 240U up to the 24+ state. The kinetic and dynamic465

moments of inertia were extracted and compared to the-466

oretical predictions. The low-energy, low-spin part is467

well described by both cluster models and microscopic-468

macroscopic approaches. Population of high-spin states469

allowed for the first time observation of an upbend at ro-470

tational frequencies of 0.2 ~2 MeV−1. This behaviour is471

best reproduced by recent relativistic mean-field calcula-472

tions within the CDFT framework [7, 8].473

Despite experimental difficulties, there is convincing474

evidence for the Kπ = 0− negative-parity band which475

was extended up to a tentatively assigned (21−) state.476

Three different parametrizations such as energy stagger-477

ing and parity splitting between the g. s. band and the478

negative-parity band yield consistent results. The exper-479

imental findings suggests that the newly observed band480

is interpreted best as a collective octupole vibrational ex-481

citation. Obvious similarities exist between the chain of482
236−240U isotopes.483

The results mark a first step in advancing to more484

neutron-rich uranium isotopes and actinide nuclei in gen-485

eral. However, further experimental evidence is highly486

desirable and improved experiments with higher statis-487

tics are needed to corroborate the results. For this en-488

deavour high efficient detection devices are mandatory489

to overcome the reported low cross sections in the micro-490

barn region for this type of reactions [20].491
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