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Experiments conducted at Lawrence Berkeley National Laboratory’s 88-Inch Cyclotron Facility
aimed to produce and study the decay of the previously unobserved isotope 2**Db. This isotope was
produced in the 2°Pb(*'V, 2n)?5° Db reaction, separated from unreacted beam material and reaction
byproducts with the Berkeley Gas-filled Separator (BGS), and then implanted into a double-sided
silicon-strip detector at the BGS focal plane. Decay properties of 2*°Db were determined from
the analysis of Evaporation Residue (EVR)-Fission and EVR-a-« correlations. The properties of
this new isotope of dubnium differ dramatically from those of its neighboring Db isotopes. 2**Db
was found to decay primarily by Spontaneous Fission (SF) with a small a-decay branch, where
the average half-life of the observed decays was t;/2 = 2.6703 ms. Theoretical calculations were
performed using the Wentzel-Kramers-Brillouin (WKB) approximation, with parameters calculated
within a self-consistent microscopic approach, to see if these unique properties could be reproduced.
A SF half-life estimate is obtained that closely matches the measured value, while simultaneously

pointing out the sensitivities that need to be further constrained in future work.

PACS numbers:

Isotopes of SuperHeavy Elements (SHE) boast extraor-
dinary numbers of protons and neutrons and push the
boundaries of the nuclear chart and our understanding
of nuclear structure. Each newly discovered SHE isotope
unveils unique decay properties, offering insights into the
specific interactions between the protons and neutrons
within its nucleus. These decay characteristics are essen-
tial for validating theoretical calculations and deepening
our understanding of the cohesive forces at play in these
exotic nuclei. Typically, SHE isotopes follow one of two
primary decay paths: emission of an « particle or Spon-
taneous Fission (SF). The choice between these decay
modes hinges on the shape of the fission barrier for that
specific nucleus, in particular, its height and width [1, 2].

A more robust understanding of the mechanism for
SF in the SHE region has potential significant implica-
tions. It is needed to comprehend reaction mechanisms
and guiding the design of future experiments aimed at
synthesizing new SHEs [3-6]. Moreover, this understand-
ing may contribute to our understanding of the origins of
heavy elements in the cosmos [7]. Despite the progress
made in this area, challenges still persist. Most exist-
ing theoretical models are primarily tailored to only de-
scribe the “simpler” cases of even-even nuclei [8] and
there is limited experimental data available for compar-
ison. Presently, concerted efforts are required to collect
more experimental data on accessible SHE. This can pave
the way for new theoretical frameworks to be developed,
allowing for more robust comparisons and validation. We

report here on the newly-observed and unexpected decay
properties of 25°Db and discuss comparison to theory for
this odd-A SHE.

Assertions regarding the synthesis of 2°°Db were ini-
tially proposed in the mid-1970s by the Joint Institute
for Nuclear Research, describing a nucleus with an a-
decay half-life of 1.675 seconds [9]. A subsequent claim
appeared in a Ph.D. thesis, reporting a single « event
with an energy of 9564 keV and a lifetime of 56 ms,
along with two fission events having lifetimes of 99 ms
and 4 ms, respectively [10]. There is clear disagreement
between these two reports. Neither of these observations
have been confirmed and 2°°Db has continued to be re-
garded as undiscovered within the community. The decay
properties of the daughter isotope 2°'Lr have only been
reported recently from its direct production in the %°Ti +
203T] reaction, where 24 events were observed [11]. These
events were distributed between two « decays with ener-
gies of 9210(19) and 9246(19) keV and half-lives of t; /5 =
4212 ms and ti/2 = 24.4779 ms, respectively. Here, the
9246(19) keV transition was assigned as the decay of the
7/27 ground state and the 9210(19) decay was assigned
as the decay of the 1/27 isomeric state.

A dedicated study was conducted at Lawrence Berke-
ley National Laboratory’s (LBNL) 88-inch cyclotron fa-
cility to explore the production and decay modes of
neutron-deficient Db isotopes. This investigation em-
ployed the 'V + 20Pb fusion-evaporation reaction. A
beam of 3'V!2+ jons was produced from natural metal



material in the VENUS (Versatile Electron cyclotron res-
onance for Nuclear Science) ion source [12, 13] and accel-
erated with the LBNL 88-inch cyclotron to center of tar-
get (Ecor) energies ranging from 241 to 253 MeV. The
beam impinged upon a rotating-target wheel containing
four segments of 2°6Pb, with an approximate thickness
of 0.5 mg/cm?, vapor deposited onto 2.1-um thick tita-
nium backing foils. Produced Db isotopes recoiled into
the Berkeley Gas-filled Separator (BGS) [14], for sepa-
ration from any unreacted beam material and other un-
wanted reaction by-products, before being implanted into
a double-sided silicon-strip detector (DSSD) at the BGS
focal plane. Further details of the experimental setup
and procedure are given in Ref. [15].

The data were then analyzed to look for EVaporation
Residue (EVR)-aq-as and EVR-SF correlations in order
to identify the decay properties of produced Db isotopes.
Here, oy and as refer to the time ordered first and second
« particles detected in the same pixel of the DSSD fol-
lowing the observation of a potential EVR, respectively.
For this study, the selection windows for these correla-
tions were detected-EVR channel numbers between 2500
and 3300, a; energy = 7 — 11 MeV, and ay energy = 7 —
11 MeV. Additionally, the correlation times of EVR-SF
and EVR-«; events was constrained to <10 s, and the
correlation time of subsequent « events was capped at
<150 s. The selection of these criteria is discussed in de-
tail in Ref. [15]. The detection efficiency for a decay is
approximately 50% and for SF is 100%. From the anal-
ysis of these data, it was determined that the isotopes
256Db and 2°°Db had been produced from the 1n and 2n
exit channels of the °'V 4 206Pb reaction, respectively.
The maximum cross-section observed for the production
of 2°6Db was observed to be o(1n,max) = 0.49(7) nb at
Ecor = 243(2) MeV, and the maximum cross-section
observed for the production of 2°°Db was observed to be
o(2n,max) = 0.099(31) nb at Ecor = 251(2) MeV [15].
The properties of the observed 2°°Db decay chains are re-
ported in Ref. [15]. The properties of the isotope 2°°Db
will be discussed here.

In the analysis, three o chains were observed and as-
signed from the decay of 2°°Db. The specific details of
these decay chains are given in Fig. 1. In decay chain 1,
two « particles were observed and assigned as the decay
of 25°Db followed by the decay of 2°’Lr. In decay chain
2, two « particles were observed and assigned as the de-
cays of 2°°Db and 24"Md, where the decay of 2°'Lr was
not observed. In decay chain 3, three « particles were ob-
served, assigned as the decays of 2°°Db, 2! Lr, and ?*3Es,
where the decay of 2"Md was not observed. Note that
the assignment of the 8145 keV transition in decay chain
3 is tentative, as the typical ground state decay of 243Es
is 7893(10) keV, and such a high-energy transition has
not been previously observed in decay studies of 247Md
[17].

The three observed o decays of 2°°Db have energies of
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FIG. 1: Previously reported properties of the ?**Db decay
chain compared to the three a-correlation events observed in
this work. Literature values are taken from Refs. [11, 16, 17].
There is a 47 keV error on the detected « energies in the
present work.

9245(47), 9396(47), and 9232(47) keV with an average
halflife of t;,, = 1.37( % ms. As was mentioned previ-
ously, there have been previous claims as to the produc-
tion of 2°°Db where o decay was reported. In Ref. [9], a
1.67% s decay was reported and in the work of Ref. [10]
a single 9.5 MeV « was observed with a half-life of 27
ms. Neither of these measurements is in agreement with
what has been observed in this study. The properties
observed by Ref. [9] are more in line with those of 2°°Db
[18]. However, there could still be the possibility that
the properties reported by Ref. [10] could have observed
a higher-energy decay of an excited state. The two ob-
served a decays of 21Lr have energies of 9193(47) and
9134(47) keV with correlation times of 15 and 23 ms, re-
spectively. The energies and correlation times of these
two events are in line with what was reported previously
for 211y [11].

The data were also analyzed to look for 2°°Db SF de-
cays. Potential EVR-SF correlations were identified as
is discussed in detail in Ref. [15]. Two clusters of EVR-
SF correlations were observed with correlation times <10
s. The correlation times of these events are plotted in
Fig. 2(top). There are 55 events with an average half-
life of 2.70% ms and 38 events with an average half-
life of 1.6J_r§ s. The statistics of ~3 ms SF events and
~2 s SF events, observed as a function of Fcor values,
are shown in Fig. 2(bottom). The short-lived SF events
were observed primarily at higher Fcor values while the
longer-lived SF events were primarily observed at lower
Ecor values, indicating they likely originate from the
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FIG. 2: (Top) The two clusters of observed EVR-SF corre-
lations, assigned as the decays of 25°Rf and 2%°Db, respec-
tively. Note that the correlation times of the 2*°Rf events
also includes the EC decay of *Db. (Bottom) Distribution
of numbers of 2°°Rf and 25°Db SF events. Note that 25°Rf
SF events are observed primarily at lower Ecor and 255Dp
SF events are observed primarily at higher Ecor, indicating
that are likely produced from the 1n and 2n exit channels of
the nuclear reaction, respectively.

2n and 1n exit channels of the nuclear reaction, respec-
tively. Therefore, the short-lived events are assigned as
decays of 2°°Db and the long-lived events are assigned
as the decay of 2°6Rf, populated via EC of 2°°Db. Here,
the correlation times of the 2°Rf events also include the
EC decay of 2°°Db. Such that the total correlation time
includes the 1.6 s decay of *Db [15] and the 6.76 ms
decay of 2°°Rf [19], and would clearly be dominated the
the decay of 2°Db . Note that a 2°°Rf SF, populated
from the EC decay of 2°°Db would also have a correla-
tion time of ~1.6 s . However, if 2°°Rf were to have been
populated, it would have decayed with a ~50% « decay
branch. No such « decays were observed, therefore the
possibility of 2°°Db undergoing EC was disfavored.

The average half-life of all of the observed 2°°Db
events, including both « and SF decays, is 2.6J_r8j§ ms.
Given the level of statistics of @ and SF decay events,
the decay branches for 2°*Db are 8(3)% and 92(3)% for
a and SF, respectively. These numbers assume a 68%
detection efficiency for detecting two « particles within
a four-a chain and a 100% detection efficiency for SF

correlations. Here, the « chain detection efficiency was
determined assuming that there is a 50% probability that
an «a event is detected, 2°°Db underwent o decay, and the
« decay branches of the subsequent daughters 251 Lr [11],
247Md [16], and 243Es [17].

While neighboring Db isotopes primarily undergo «
decay with half-lives on the order of seconds, 2*°Db ex-
hibits markedly different properties. Previously, predic-
tions for the o and SF half-lives have been performed.
Calculations of the « decay half-life were obtained
from the Viola-Seaborg-Sobiczewski semi-emprical rela-
tion [20, 21], the Coulomb and proximity potential model
[22, 23], the universal curve of Poenaru et al. [24, 25],
the analytical formula of Royer [26], and the Universal
decay law of Qi et al. [27, 28] and were found to be 1.014
s, 753 ms, 76 ms, 306 ms, and 146 ms, respectively [29].
Considering the 8(3)% « branch observed here, these es-
timates can be considered to be in agreement with the
half-life reported here.

For SF, half-life predictions have varied widely, with
reported values of 23.4 s [30], 2.7 x 107* s [29, 31], and
9.1 x 1078 [32]. Recent calculations, incorporating a
generalized liquid drop model and considering nuclear
shell effects, have produced estimates ranging from 0.06
t0 9.4 s (depending on the choice of the next proton shell
closure) [33]. Additionally, existing predictions on the fa-
vored decay mode of 2°°Db are inconsistent, with differ-
ent studies proposing both « decay and SF as the domi-
nant branch [29-31]. Consequently, the features of 2°*Db
reported here will stand as a crucial reference point for
improving theoretical models. These will then be use-
ful for the prediction of SHE decay properties for other
isotopes.

In this study, a Wentzel-Kramers-Brillouin (WKB) ap-
proximation was adopted within a self-consistent micro-
scopic framework to calculate the SF half-life of 2°°Db. In
this approach, the produced SF half-life relies on calcula-
tions of the potential energy and collective mass consis-
tently from nucleons and an effective interaction between
them. This internal consistency is important for mini-
mizing uncertainties in the calculation. To further refine
the theory and enhance its predictive capability, compar-
isons to experimental data, such as those presented here
are necessary.

As input to the 2°°Db half-life calculation, Hartree-
Fock-Bogoliubov (HFB) calculations using the D1M pa-
rameterization of the Gogny interaction were performed
[34]. This method treats nucleons as moving indepen-
dently in a mean-field generated by all other nucleons,
and takes into account potential pairing correlations be-
tween nucleons. In this instance, to simplify the treat-
ment of the odd proton, as it cannot be easily accommo-
dated in paired states, an Equal Filling Approximation
(EFA) was used [35]. This effectively treats the odd pro-
ton as if it were distributed equally between the orbitals
of a paired state. The exchange part of the Coulomb



repulsion between protons was calculated using a Slater
approximation and the mean-field and pairing contribu-
tions of the two-body center of mass correction were in-
cluded.

The calculations were carried out in a deformed har-
monic oscillator basis with shells up to N = 17, using the
two different truncation schemes described in [36] and
[37, 38], hereafter referred to as “truncl” and “trunc2”,
respectively, to analyze the convergence. In the case
of 2°°Db, truncl resulted in a smaller basis compared
to trunc2, such that a comparison between these two
schemes can give an indication of the sensitivity of the
results compared to the size of the basis. The WKB esti-
mate of the SF half life was obtained using the standard
formula [39, 40]

Ty /2(SF) = 2.86 x 1072 (1 + €*%) sec (1)

with the action integral given by

b
S = / dg\2B @V (@) — Bmm + Bo)] ()

and where a and b are the classical turning points, B (q)
is the collective mass with respect to coordinate ¢, V (q)
is the HFB-EFA energy modified by the rotational and
vibrational zero-point energy (ZPE) corrections, Fyiy, is
the minimum of V (q) at the ground-state deformation,
and Ej is a correction to account for quantum fluctua-
tions in the quadrupole moment [39, 40]. In the present
work we use Eyg = 1 MeV. This choice for Eg has been
used in previous calculations [41] as a typical value for
SF half-life calculations. As in previous calculations of
the SF half lives [38, 42, 43], we have maintained axial
symmetry along the fission path, even though the triax-
ial degree of freedom is known to lower the first barrier
by several MeV. We assume that the axially symmetric
path is generally favored over the triaxial one based on:
1) previous calculations [44, 45] showing that the lower-
ing of the barrier is compensated by an increase in the
collective inertia leading to a larger action integral for the
triaxial path, and 2) the ability of pairing fluctuations to
restore axial symmetry along the fission path [46, 47].
For the calculations along the fission path, we have
followed the approach in Refs. [39, 40] and identified
the K quantum number (projection of the angular mo-
mentum on the symmetry axis) of the ground state as
K = 9/2, and assumed that the nucleus maintains this
K value all along the fission path. The K = 9/2 value
was determined through HFB-EFA blocking calculations
at the ground state deformation (Qg0 = 32 b) as the
lowest energy configuration. It should be noted that a
K = 5/2 configuration was very close in energy to the
K = 9/2 solution, and could be studied in future sensitiv-
ity analyses.The lowest quasiparticle state with K = 9/2
has been blocked using the EFA for all HFB calculations
along the fission path. In this instance, two different fis-
sion paths were calculated, a static path and a dynamic

path. In a static fission path, it is assumed that the nu-
cleus evolves towards the scission point by minimizing its
energy, whereas in a dynamic path any potential fluctu-
ations and variations in the relevant collective degrees of
freedom of the nucleus that minimize the action as it ap-
proaches scission are considered. Note that although the
static path is not expected to yield a realistic estimate
of the SF half-life, it is useful to include it to show the
sensitivity of the half life to the fission path.

The energy and mass curves are plotted in Fig. 3. As
shown in Fig. 3(a), the larger basis (trunc2) yields the
lower energy curve, and will be used exclusively for the
more accurate half-life estimates further below. Fig. 3(b)
shows very close agreement between the two truncations
schemes.Calculations along the static fission path yield
estimates that are much larger than the experimental
half-life. The truncl basis yields a half-life estimates of
3.2 x 10° s, while the trunc2 basis estimate is 93.8s. Ad-
ditionally, note that the trunc2 basis estimates are sig-
nificantly lower than those from truncl.

It is expected that a more realistic estimate of the
255Db half-life would come from calculating a dynamic
fission path. This requires considering additional rele-
vant collective degrees of freedom explored by the nu-
cleus, such as pairing. The importance of pairing in the
description of fission has been previously noted [48-51].
It was shown in Ref. [51] that constraints on collective
variables other than pairing have little impact on the
dynamic-path results compared to the static-path cal-
culations. We have therefore explored variations in the
total particle number (proton and neutron) fluctuation

2
AN? = <N2> — <J\7> around the static solution to allow
for dynamical variations in pairing. The proton pairing
energies are reduced by the quenching of pairing correla-
tions due to the blocking in the HFB-EFA calculations,
as was observed for neutron blocking in 243U in [40].

In practice, this was accomplished by introducing an
additional constraining field to the Hamiltonian corre-
sponding to AN? with a scale parameter \o. The param-
eter s is a monotonic function of AN2 and has therefore
been used as the collective variable instead of AN2. As
in Ref. [49], we have used a nonperturbative cranking
formula to calculate the inertial mass with respect to Ao
and we have neglected the coupling between Qo9 and
A2. The action-minimizing path in the (Q20, A2) space
was then determined using a dynamic programming al-
gorithm [52]. The action integral for the static and dy-
namic paths for the trunc2 calculation are plotted in Fig.
3(c), and it can be seen that the bulk of the contribution
to the integrals occurs in the region of the first barrier
(Q20 ~ 40 — 100 b). The optimal path lies entirely in
the Ay > 0 region, which corresponds to values of AN?
larger than those along the static path.

This result is in keeping with previous observations [50,
51, 53] that the competition between the collective mass
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FIG. 3: Comparison of the static-path calculation using the
two basis truncation schemes discussed in the text for a) HFB
energies and b) Adiabatic Time-Dependent masses with re-
spect to Q20. Panel ¢) shows the running action integral (Eq.
(2)) for trunc2 for both the static and dynamic paths.

(which varies as the inverse square of the pairing gap)
and the energy (which varies as the square of the pairing
gap) drives the minimum of the action integral toward
larger values of the pairing gap compared to the static
path. The dynamic-path calculation in the larger basis
(trunc2) yields an estimate of the 2*>Db SF half life of
2.6 ms, in agreement with the present measured value of
2.71“8:% ms. Introducing pairing as a degree of freedom in
this calculation brings the half-life prediction down from
93.8 s to a value that is very similar to the one measured
experimentally. This surprisingly good agreement must
be balanced against the sensitivities of the calculation.
In particular a variation in Ey of just 100 keV changes
the estimated half life by a factor of =~ 3. It is therefore
most prudent to view this result as very promising, while
recognizing that further work is needed to constrain the
quantities it depends on.

This letter reports the first observation of the produc-
tion and decay of the isotope 2°°Db from the 'V + 206ph
nuclear reaction. Decays via « emission and SF were
both observed with a fast average half-life of 2.6753 ms.
Interestingly, the short half-life and preferred SF decay
mode of 25°Db differentiate it from its neighboring Db
isotopes. These observed properties are of interest for
theoretical calculations. A theoretical estimate of the SF
half-life was presented from an established microscopic
approach that continues to show great promise. In the
future, locking down the sensitivities in these calcula-
tions, such as the value of the quantum fluctuation cor-
rection, will help develop this into a predictive tool for
SHE half-lives and decay modes.
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