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A very exotic process of �-delayed fission of 180Tl is studied in detail by using resonant laser ionization

with subsequent mass separation at ISOLDE (CERN). In contrast to common expectations, the fission-

fragment mass distribution of the post-�-decay daughter nucleus 180Hg (N=Z ¼ 1:25) is asymmetric. This

asymmetry is more surprising since a mass-symmetric split of this extremely neutron-deficient nucleus

would lead to two 90Zr fragments, with magic N ¼ 50 and semimagic Z ¼ 40. This is a new type of

asymmetric fission, not caused by large shell effects related to fragment magic proton and neutron

numbers, as observed in the actinide region. The newly measured branching ratio for �-delayed fission of
180Tl is 3:6ð7Þ � 10�3%, approximately 2 orders of magnitude larger than in an earlier study.

DOI: 10.1103/PhysRevLett.105.252502 PACS numbers: 24.75.+i, 23.40.�s, 27.70.+q

Nuclear fission, discovered more than 70 years ago [1],

represents one of the most dramatic examples of a nuclear

metamorphosis, whereby the nucleus splits into two frag-

ments releasing a large amount of energy. Initially, the

fission process was described within the liquid-drop model

[2,3], in which shape-dependent surface and Coulomb

energy terms define the potential-energy landscape through

which fission occurs. However, this macroscopic approach

naturally leads to symmetric fragments and cannot explain

observed asymmetric mass splits of actinides. Only by

including a microscopic treatment based on shell effects

can asymmetric fission be described [4]. Importantly,

only in fission below or slightly above the barrier, so-called

low-energy fission, can the interplay between the

macroscopic liquid-drop contribution and the micro-

scopic single-particle shell corrections be most fully

explored.

Until recently, such low-energy fission studies were

limited to nuclei from around thorium (Th) to fermium

(Fm) using spontaneous fission, fission induced by thermal

neutrons or �-delayed fission. These studies showed

the dominance of asymmetric fission over symmetric fis-

sion for most isotopes of these elements [5–7] and sug-

gested that structure effects due to, specifically, the

spherical shell structure of doubly magic 132Sn dominate

the mass split. A decade ago, a new technique, developed at

GSI [8]—Coulomb-excited fission of radioactive beams—

allowed for a more extensive experimental survey of low-

energy fission in other regions of the nuclidic chart. These

studies demonstrated the transition from mostly asymmet-

ric fission in the actinides towards symmetric fission as the

dominant mode in the light thorium to astatine region. This

is also consistent with earlier studies by Itkis et al. [9], in

which fission of stable targets in the mass 185–210 region

was induced by bombardment with protons and 3;4He
beams. Itkis et al. found mostly symmetric mass distribu-

tions in the region around 208Pb, with about four systems in

the mass A� 200 region having a slight reduction of
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probability for symmetric mass splits compared to those

with about 5 fewer or more nucleons.

Another way to study low-energy fission is through

�-delayed fission (�DF), discovered in 1966 in Dubna

for the isotopes 232;234Am [10,11]. In this two-step nuclear

process, a parent nucleus first undergoes � decay, in this

case electron capture (EC), populating states in the daugh-

ter nucleus which then may fission, provided the energy

release QEC of the parent nuclide is comparable to the

fission-barrier height Bf of the daughter nucleus. It is

important to stress that the maximum excitation energy

of the fissioning daughter nucleus is limited to the parent

QEC value. �-delayed fission is of special interest because

it allows the study of the low-energy fission properties of

exotic nuclei possessing unusual neutron to proton ratios,

e.g.,N=Z ¼ 1:25 for 180Hg studied in this work, in contrast
to a typical ratio of N=Z ¼ 1:55–1:59 in the U region. Two

areas in the nuclear chart were identified where �DF is

experimentally accessible [12,13]: the U region (12 cases

studied [14]) and a region near the very neutron-deficient

lead (Pb) isotopes.

The first experiments to measure �DF in the Pb region

were performed two decades ago in Dubna, but the un-

selective production and identification methods used did

not allow an unambiguous isotope assignment; the sug-

gested �DF candidates were 180Tl, 196At, and 188Bi
[15,16]. Half-life estimates for these three nuclides were

obtained, and only for 180Tl was the �-delayed fission

probability P�DF, defined as the ratio between the �DF

and the total �-decay probabilities, determined. An unex-

pectedly low value of P�DFð
180TlÞ ¼ 3� 10�5�1% [16]

was reported, which deviated by a factor of 100 from the

known systematics in the U region (cf. [14]).

In this Letter, we report on a dedicated �DF study of
180Tl at the ISOLDE mass separator at CERN [17].

A 1.4 GeV proton beam with an average intensity of

1:2 �A impinges on a 50 g=cm2 UCx target, producing a

large variety of different nuclides. To obtain a high-purity

source of 180Tl, allowing a precise study of its decay, a

combination of resonance laser ionization and mass sepa-

ration is used, resulting in a unique isotopic selection [18].

After selective ionization, acceleration up to 30 keV, and

mass separation, a pure 180Tl beam of �150 atoms=s
passes through a hole in an annular silicon detector and

is implanted into a carbon foil of 20 �g=cm2 thickness; see

Fig. 1. A second Si detector is placed 3 mm behind the foil.

By using the two silicon detectors (both with a thickness of

300 �m), both single � and fission decays and double-fold

fission-fragment coincidences can be measured. The total

registration efficiency for a single � or fission decay in one

of the Si detectors is 66%, while coincident fission frag-

ments are registered with an efficiency of 20%. A seg-

mented MINIBALL Ge cluster [19], consisting of three

individual germanium crystals, and a planar Ge detector

are installed surrounding the detection chamber to allow

� and K x-ray measurements in coincidence with particle

events. In order to reduce the background from the longer-

lived daughter activities, ten carbon implantation foils on a

wheel are used in a fixed implantation-decay mode.

In total, approximately 1:4� 106 � decays of 180Tl
are detected, and the �-decay spectrum measured in two

Si detectors is shown in Fig. 2(a). All observed � lines

originate from 180Tl or its subsequent decays (cf. the decay
scheme in Fig. 3) as they are reduced by a factor of �70
when laser light is blocked, preventing laser ionization of

Tl. No direct production of 180Hg is possible as it cannot be
ionized either by surface ionization or by laser ionization

tuned to Tl isotopes. This demonstrates the purity of

the 180Tl source, which allows an accurate determination

of the different branching ratios. A half-life value of

T1=2ð
180TlÞ ¼ 1:09ð1Þ s is deduced, more precise than the

literature value of 1.4(3) s [20]. The 1111 singles fission

events in the region of 30–90 MeV are observed when the

lasers are tuned to Tl ionization and exhibit a half-life of

µ

α

α

FIG. 1 (color online). A general view of the ‘‘windmill’’ setup

used in the experiment—left side of the figure; a zoom of the

detector arrangement is given on the right side.
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FIG. 2. (a) Singles �-decay energy spectrum from both Si

detectors; (b) Si-Si coincidence spectrum in the fission-energy

region. The two-peaked structure in (b) originates because the

two fission fragments have different energies, a direct result of

the asymmetric mass distribution.
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1.04(28) s. In total, 346 dual coincidences between fission

fragments are observed; see Fig. 2(b). Finally, prompt

coincidences between fission fragments and Hg K x rays

are registered. These observations together unambiguously

prove the observation of prompt fission of excited states in
180Hg fed in the � decay of 180Tl. This confirms that the

fission events reported by Lazarev et al. [16] with a half-

life of 0:97þ0:08
�0:07 s indeed belong to the �DF of 180Tl.

The purity of the 180Tl sample allows absolute branching

ratios of its decay channels to be deduced by comparing

the summed number of 180Tl � decays and �DF events to

the number of 180Hg � decays (see Figs. 2 and 3) using the

well-known � branching ratio of 180Hg [48(2)% [21]]

and a correction for the different half-lives due to the

implantation-decay cycle. This results in an �þ=EC
branching ratio of 94(4)% and a �DF probability

P�DFð
180TlÞ ¼ 3:6ð7Þ � 10�3% for 180Tl. Thus, this work

resolves long-standing questions about the experiments of

Lazarev et al. [16]. They indeed observed �DF, but, most

probably due to an overestimation of the calculated pro-

duction cross section of 180Tl, their reported P�DF value

was approximately 100 times too small. Our P�DF value,

using the calculated difference QECð
180TlÞ � Bfð

180HgÞ ¼

0:63 MeV from Ref. [13], is in agreement with the system-

atics ofP�DF as a function ofQEC � Bf in the U region, the

other region where �DF has been observed; see, e.g., [14].

A correct fission-fragment energy calibration using a
252Cf source and taking pulse-height defects into account

can be performed only for the 346 coincident fission events

of 180Hg, and a fission-fragment mass distribution can be

obtained through a well-established procedure [22,23]. The

resulting spectrum as a function of the total kinetic energy

and the fission-fragment mass is shown in Fig. 4. The mass

distribution is clearly asymmetric, with the most probable

heavy and light masses of AH ¼ 100ð1Þ and AL ¼ 80ð1Þ,
having a width of sigma ¼ 4:0ð3Þ amu. The most probable

Z values of the heavy and light fission fragments are

deduced to be ZH ¼ 44ð2Þ and ZL ¼ 36ð2Þ, respectively,
assuming that the N=Z ratio of the parent nucleus 180Hg is

preserved in the fission fragments. Thus, the most abun-

dantly produced fission fragments are 100Ru and 80Kr and
their neighbors. Although 75% of the fission events are

detected in coincidence with � rays, no discrete lines are

observed due to Doppler broadening. The energy deposited

in the Ge detectors reaches a maximum of 6.4 MeV. The

average total kinetic energy as obtained from Fig. 4 is

134.6(7) MeV with a width of sigma ¼ 5:6ð8Þ MeV.
The energy released in the �DF process is shared among

the �þ=EC decay, the fragments (excitation and kinetic

energy), and possible neutron emission. Assuming the

fragments 100Ru and 80Kr, this energy release is

�Mð180TlÞ � �Mð100RuÞ � �Mð80KrÞ ¼ 157:8 MeV
[24]. Then, by accounting for the energy released in

� emission, we find that only the evaporation of at most

one neutron is energetically possible. It is important to

stress that the maximum excitation energy of 180Hg is

limited to the parent QECð
180TlÞ ¼ 10:44 MeV [13].

The most surprising result of this study is the asymmet-

ric mass distribution of the fission fragments of 180Hg.
Indeed, one might have expected a symmetric fission-

fragment mass distribution, as this was observed to be

the main mode of the low-energy fission in a broad

neutron-deficient region below Th [8]. In addition, the

explanations offered for the much smaller ‘‘apparent’’

asymmetry seen in the work of Itkis et al. [9,25] lead to

a prediction that mass distributions will also be symmetric

below A � 195. Finally, the very common arguments,

applied, e.g., for the fission of heavy actinides, that frag-

ment shell effects (rather than shell effects in the region

near the saddle) determine mass distributions would also

lead to an expectation of symmetry. This is because there

are no strong ground-state shell effects in the measured

asymmetric fragments of 180Hg, while the weak shell effect
for the nucleus 90Zr, with magic N ¼ 50 and semimagic

DF

3.6(7)
-3

Tl180

Hg180

Pt
176

Au
176

+
/EC

+
/EC

FIG. 3. A simplified decay scheme of 180Tl with deduced half-

life and branching ratios for its various decay modes. The

94(4)% �þ=EC decay branch of 180Tl is shown schematically

by arrows feeding excited states in 180Hg; those states in the

vicinity of the fission barrier can undergo �DF.

FIG. 4 (color online). The derived fission-fragment distribu-

tion of 180Hg as a function of the fragment mass and the total

kinetic energy.
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Z ¼ 40 would, if it were determinative, lead to symmetric

splitting.

A realistic description of the fission process needs the

structure of the full, multidimensional fission potential-

energy surface based on at least five independent shape

parameters [26]. We use such a model to calculate the 5D

fission potential-energy landscape for 180Hg and employ the

immersion method [13] to characterize the structure of this

surface. In Fig. 5, the potential-energy surface in a two-

dimensional subspace of the full 5D deformation space is

shown. The mass-symmetric ground-state minimum is

given at the left of the figure. The only saddle exiting out

of this minimum leads to the upper mass-asymmetric valley

(or its reflected equivalent at the bottom). The saddle is

calculated at 0.63 MeV below the QECð
180TlÞ value [13].

There is another, mass-symmetric valley with energy below

the asymmetric valley at larger elongations; they are sepa-

rated from each other by a ridge, and the entrance to this

valley lies at amuch higher excitation energy; therefore, the

system must pass over the asymmetric saddle point to

fission. Starting from the saddle and following the asym-

metric valley in the direction of increasing elongation, the

ridge eventually disappears, and one might expect the sys-

tem to then drop into the symmetric valley. But at this point

the nuclear shape has a well-developed (small-radius) neck,

which restricts the flow ofmatter so littlemass flow can take

place at this late stage of the division process prior to the

disappearance of the neck. A dynamical model would be

required to make a specific prediction of the mass split

implied by our potential-energy calculations. Presently,

we assume the mass asymmetry is frozen when the ridge

disappears, which gives an upper limit on the predicted

asymmetry. In this approach, the calculated mass asymme-

try is AH=AL ¼ 108=72, which is reasonably consistent

with the measured values.

In the actinide region, one can identify a connection

between the asymmetric fission-fragment distribution and

strong shell effects in the region near the saddle, extending

and increasing as one moves toward the scission point.

These shell effects are related to the extra binding energy

of doubly magic 132Sn (e.g., [7]). In contrast, in the

neutron-deficient Hg region such a combined effect of

magic proton and neutron shells in the observed fission

fragments is completely absent, and the asymmetric split is

determined by relatively small microscopic effects that do

not persist to scission but which cause the fission saddle

point and a nearby valley to be mass-asymmetric.

This new mode, which should survive only in very low-

energy fission, arises from the complex interplay between

macroscopic and microscopic contributions to the total

energy as a function of shape and is observed here for

the first time. Predicting this mass asymmetry and related

properties provides a stringent test for any nuclear structure

model. Importantly, our model predicts asymmetric mass

splits in a broader range of even-even isotopes 176–196Hg.
Some of these nuclei can be studied through �-delayed
fission, but other techniques such as fusion-fission experi-

ments or fission of radioactive ions induced by Coulomb

excitation [8] could also be used for detailed studies of this

new phenomenon, provided they probe the region close to

the fission barrier. It is a challenge to these experimental

approaches as well as current theories to elucidate this new

fission mode which gives the opportunity to study the

topography and dynamics of the saddle to scission region,

the least understood part of the fission process.
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