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Abstract

A proposed experimental method to facilitate the observation of postulated primordial superheavy nuclei is investigated
using mass spectroscopy. Detection of primordial superheavy systems by detailed investigation of lead ions is
motivated by the fact that the 232Th, 235U, and 238U natural decay series and transuranic elements have decay
pathways that terminate in the Z = 82 system, and the presumption that the postulated superheavy systems will also
decay into lead isotopes. Although extreme sensitivity would be required, primordial superheavy systems would

present a unique signature in a mass spectroscopy experiment utilizing lead ions.

1.0 Introduction

The investigation of the stability of superheavy nuclei has been a continuing area of active experimental and
theoretical interest'30. These studies extend well beyond the current Periodic Table limit of the Z = 118 Oganesson
system. In particular, the author has investigated the possibility of much heavier systems using a single-particle model and
finds several possible islands of stability in the A =400 — 1300 mass  region®:21-30,

The stability of superheavy systems are evaluated by calculating single-particle neutron and proton levels using a
methodology previously used to investigate A = 298 — 472 doubly-closed shell nuclei® and nuclear systems in the 570 < A
<6202, 620 < A <700%2, 700<A<80023 , 800 < A <9005, 900 < A < 100028 , 1000 <A < 1100%7, 1100 < A < 120028 , and
1200 < A < 1300%° mass regions.

The method for calculating single-particle energies is well established®5:2180, Details of the methodology were
provided in Ref. 21, which extended the approach of Petrovich et al.® Specific details of the numerical method, model, and
convergence criteria are provided in Refs. 2, 5, 21-33.

The model potential varies with the nucleus mass and is derived from Rost interaction 2:24:29,

Itis extrapolated
from Z < 82 data without the benefit of experimental benchmarks in the superheavy mass region. Although this is a
necessity due to the lack of experimental data, it must be acknowledged as a weakness in the present approach. This
weakness will be applicable for any current theoretical investigation in the superheavy mass region. Nuclear stability with
respect to alpha decay, beta decay, positron decay, and electron capture is addressed using the method previously
published by the author and coworkers®:21-29:30 that is similar to the approach of Ref. 3. Spontaneous fission stability is

expected to be enhanced near doubly-closed shells. Detailed calculations of the spontaneous fission half-lives of 400 < A
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<1300 nuclei have not been attempted®2'-30. However, estimates using the Wentzel-Kramers-Brillouin (WKB)
approximation methodology and the phenomenological parameter values of Ref. 3 suggest fission half-lives near closed
shells are much greater than the effective decay half-lives. This conclusion is consistent with the doubly-closed shell A =
298 - 472 nuclei values of Refs. 3 and 5.

As used in this paper, an effective half-life (T) includes the combined effect of the alpha and beta decay modes that

dominate decays in the superheavy mass region®21-30:
T(a) T(B)
T(eff) = T(a)+T(B) (1)

Most of the 400 < A < 1300 systems have effective half-lives less than a second®2-30. The calculated half-lives of
most the investigated nuclei are shorter than the observed half-lives in Z = 114 -118 systems3*.

The single-particle model and associated extrapolated potential?42? lead to interesting results that suggest the
possibility of islands of stability in the 400 < A < 1200 mass region. These stability islands are characterized by the

notation (Z, A, T4/2) where Z is the atomic number, A the mass number, and T+, the half-life. Most of these islands have

effective half-lives that are in the s — y range with (274, 888, 590 y)?° having the longest half-life value in the 400 < A <
1200 mass region. However, the 1200 < A < 1300 superheavy nuclei®C exhibit stability islands that contain long-lived or
primordial superheavy nuclei (PSN) with half-lives that are comparable with the age of the universe. In particular, the
following nuclear systems39 motivate this paper: (354, 1216, 2.7x1010y), (354, 1218, 8.0x10'0y), (354, 1220, 2.5x10"" y),
(354,1222,5.1x10'1y), (354, 1224, 1.5x10'2y), (354, 1226, 4.8x10"2 y), (360, 1262, 1.2x10'%y), and (368, 1290, 2.5x101°
y). Each of these systems is beta stable and decays by alpha emission. These primordial superheavy systems and their
possible experimental observation are the subject of this paper.
2.0 Basis for Experimental Investigation

The reader is cautioned that the proposed PSN are based on calculations using a potential model?242° that is
extended well beyond its experimental basis. Previous papers®2130 cautioned readers that the calculated half-lives are
quite uncertain, but the locations of possible islands of stability are likely to be more reliable. With these caveats, single-
particle model calculations suggest the possible existence of PSN30, and this paper investigates possible experimental
methods to facilitate their observation.
3.0 Model Weaknesses

In Ref. 30, eight 1200 < A < 1300 PSN with half-lives >10'% y were suggested by the model. These half-lives are on
the order of or greater than the current estimate for the age of the Universe (=1.4 x 10'%y), which is unexpected for a
superheavy system. If these long-lived nuclei were ever created, and had no other more rapid decay processes, they
would presumably still exist on earth today. The proposed model does not account for the possibility that as the nucleus
numbers A, N, and Z become larger, new, more rapid decay modes could exist. These decay modes would then be more
likely to dominate all decay processes of these superheavy systems. This is a significant weakness of the extension of the
theory beyond its origin via connection to known isotopes®21-30,

Another weakness of the theoretical approach used as the basis for this paper is treating all evaluated nuclei as
spherically symmetric systems. Many of these systems are likely deformed and these deformations should be included in

subsequent investigations. These calculations have been initiated. However, it seems unlikely that any given A(N,Z)
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nuclear system with a deformed structure will be more stable than the spherically symmetric configuration utilized in the
model. Accordingly, deformed systems would likely have half-lived that are shorter than the corresponding spherical
systems noted in Section 1.0.

These limitations and uncertainties in the model interaction preclude the absolute determinations of single-particle
energies, Q values, and half-lives. The model does facilitate a comparison of the relative stability of nuclear systems and
identification of possible islands of stability. These limitations are unavoidable given the lack of experimental data and
uncertainties in the model and supporting nuclear interaction®. The adjusted Rost interaction formulated in Ref. 29
accounted for the uncertainties in the potential strength noted in studies of a wide range of nuclear systems.

The aforementioned weaknesses are difficult to assess, but the model prediction for the most stable 1200 < A <
1300 PSN (354, 1226, 4.8x10'2 y) can be partially assessed by comparing the (A, Z) values of this system to the

predictions of Adler’s relationship3:38 that provides the most stable nucleus Z value for a given A:

0.487A
FEE

z 1+166

@)
This relationship suggests that the A = 1226 system should be most stable for a Z value of 353 which is in reasonable
agreement of the Z = 354 result obtained by the model for the (354, 1226, 4.8x10'2 y) PSN. Although qualitative, the
reasonable comparison between the model and predictions of the Adler relationship of Eq. 2 serves to place a portion of
the model weakness issues into perspective.
4.0 Experimental Verification

Z =114 to 118 superheavy nuclei have been created through fusion reactions between “6Ca beams and actinide
targets'®. Creation of elements with Z > 118 likely requires projectiles with Z > 20. These investigations have yet to be
successful. The creation of 400 < A < 1300 superheavy systems is significantly more complex than the near term
challenge of synthesizing Z > 118 nuclei. Possible experimental techniques to observe these superheavy systems include:
(1) multiple beam collisions, (2) detection of high alpha particle decay energies, (3) laser resonance chromatography, and
(4) observation of trace primordial superheavy elements in lead using mass spectroscopy. The discussion in Sections 4.1
— 4.4 is based on the presumption that the PSN addressed in Ref. 30 exist.
4.1 Multiple Beam Collisions

Conventional binary collision processes involving heavy ions beams are not currently capable of reaching the 400 <
A < 1300 mass region. For example, 285Cn has a half-life of about 34 s34. Even if it were possible to perform a 28°Cn
+285 Cn collision, it would not produce a PSN system. Experimental investigation of 1200 < A < 1300 primordial
superheavy systems requires a novel approach. For example, simultaneously colliding six 238U ions theoretically reaches
the 1200 < A < 1300 mass region, but this approach is not yet viable. Experimental techniques would need to be
developed to facilitate the collision and fusion of multiple 238U beams to create 1200 < A < 1300 systems. Although this
may be eventually possible, it is not a likely approach to successfully observe primordial superheavy systems in the near
term.
4.2 Detection of High Alpha Particle Decay Energies

A second possible experimental approach is offered by the high alpha particle energies emitted by the postulated

1200 < A < 1300 systems30. The alpha particle energies of these theoretical superheavy nuclei are more than 100% larger
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than the measured Z = 114-118 values®*. This substantial increase in alpha particle energies offers a possible avenue for
the experimental observation of 1200 < A < 1300 nuclei.

Compared to Z =114 - 118 nuclei, the higher alpha particle energies from the 1200 < A < 1300 systems have a
longer range in a material medium. This range manifests itself as a longer track length as the alpha particle is attenuated
by the medium. Measuring alpha track lengths is a well-established approach in applied physics including the
measurement of the 222Rn air concentration3®: 37. Since the track length is related to the alpha particle energy, it provides
a possible method to investigate the existence of the 1200 < A < 1300 primordial superheavy systems30.

Although the alpha track method is technically feasible, it would require a sample of superheavy material.
Obtaining this sample depends on the existence of the aforementioned superheavy systems in sufficient quantity to permit
observation via energy deposition that produces the track. Since obtaining a sufficiently large sample to produce
observable tracks is unlikely, this approach is not a likely near term solution to the observation of 1200 < A < 1300
primordial superheavy systems.

4.3 Laser Resonance Chromatography

Optical spectroscopy provides an established technique to obtain basic structure data for an atomic system. Both
fluorescence and resonance ion spectroscopy enable the identification of optical spectra wavelengths for elements up to
nobelium (Z = 102)38. As the Z value increases, the refractory nature of these systems decreases the production yields.
This decrease in yield challenges the current optical detection limits.

To overcome this sensitivity limitation, a new approach of ion-mobility assisted laser spectroscopy has been
proposed3®. This approach offers the capability of broad-band level searches and high-resolution hyperfine spectroscopy,
and has the potential to extend the laser resonance chromatography technique beyond Z = 102. Since this technique has
not yet been demonstrated for Z > 102 systems, it is unlikely to provide a near-term technique for the detection of the 1200
<A <1300 PSN systems noted in Ref. 30.

4.4 Observation of Primordial Superheavy Elements in Lead

A final possible experimental verification approach is based on the fact that various lead isotopes are the end state
of all natural decay chains36:37. These decay chains include the 232Th, 235U, and 238U natural decay series that terminate
in 208pp, 207pp and 206pPb, respectively3®:37. Transuranic systems also decay into lead isotopes through a variety of
decay modes3%40. For example, the following transuranic systems decay into one of the natural decay series that
eventually terminate in a stable lead isotope32:40: 250Gt - 246Cm — 242py — 238 and 252Cf - 248Cm — 244py - 240y —
240Np - 240py — 236y - 232Th. Heavier systems (e.g., 2%30g) also decay into stable lead isotopes through a series of
alpha, beta, and cluster decay modes. For example, 2230g decays through a number of decay pathways including a decay
mode to 207Pb: 2930g — 289y - 285F| - 281G  277Dg — 273Hg — 2695 — 265R¢ — 261N — 257Fm — 253G — 2490 m
2498k - 245Am — 2450 — 241y — 27| — 7N — 233pg — 233Y — 229Th — 225R5 225 ¢ - 221Fr 5 221Rg — 207ppy,
The last 2230g decay step involves the emission of a '#C cluster. Additional examples of these more complex decay
sequences and the lead isotope produced include 2%Ts (296Pb and 208Pb), 273Ds (2°7Pb), and 288Mc (2%6Pb and 298pPb).
These heavy nucleus decay chains are complex, involve multiple pathways, and can produce multiple lead isotopes as a
result of the alpha, beta, and cluster decay modes340. Therefore, it is reasonable to postulate that superheavy systems

will also decay into a stable isotope of lead. If the PSN decays terminate in a stable element of lead as the end product of
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its decay through alpha, beta, and cluster modes, then these decay pathways form the basis for the possibility of finding

trace quantities of primordial superheavy systems in lead.

Using analogous arguments, the PSN summarized in Section 1.0%9, can also be postulated to decay into stable
lead isotopes. Given the fact that the postulated PSN30 are even-even nuclei, it is possible that they will decay into 2%6Pb
and/or 298Pp depending on the particular decay mode. If these PSN do indeed exist and if the decays terminate in a stable
lead isotope, it is theoretically possible to experimentally detect them using mass spectroscopy.

The reader should note that the proposed experimental investigation is based on the following assumptions:

1. Primordial superheavy elements with lifetimes on the order of the age of the universe exist. This assumption is based
on single-particle model calculations in the superheavy mass region®21-30,

2. PSNs decay by the alpha, beta, and cluster decay modes. This assumption is supported by the behavior of the 232Th,
2351, and 238U natural decay series38:37, the decay of transuranic nuclides3?:40, and the decay modes noted in single-
particle model calculations in the superheavy mass region®?21-30,

3. No unique, rapid PSN decay modes occur that would decrease the half-lives of the systems modeled in Refs. 5, 21-30.

4. The PSN decay chains terminate in a stable isotope of lead.

5. Lead samples consist of stable Z = 82 isotopes and remnant PSNs.

If lead targets were vaporized, and then accelerated in a charged particle accelerator, any remnant primordial
superheavy elements could be separated from the dominant lead isotopes on the basis of mass. Within this mass
spectrum, there could be the remnants of the long-lived parent superheavy nuclei. Extreme precision would be required to
detect these primordial superheavy trace isotopes. Atthe very least, an experimental bound could be placed on the
existence of the superheavy isotopes noted in Ref 30. This is an interesting possibility for an experimental technique, but
sufficient sensitivity would be required. The requirements for extreme sensitivity in the observation of PSNs are similar to
the challenges involved with ongoing neutrino oscillation experiments that investigate CP violation.

The use of mass spectroscopy to investigate the existence of PSN is discussed in the next section. This approach
presents a well-established technique, but will be a significant experimental challenge. However, itis a near-term
possibility that merits further investigation.

5.0 Mass Spectroscopy

A mass spectrometer is a device that is designed to sort the mass of particles in an ion beam. In a mass
spectrometer, charged particles generated by an ion source are accelerated through a potential difference. The ions are
subjected to a uniform magnetic field (B) that is orthogonal to the direction of their motion. Through the action of the
magnetic force, the ion’s trajectory assumes a circular arc and strikes a photographic plate or exits through an aperture to a
detector. The radius of the arc is proportional to the square root of the mass of the ion (Eq. 6).

Classical physics is sufficient to define the characteristics of a basic mass spectrometer. Assuming an ion with
charge g and mass m starts from rest and is accelerated through a potential difference AV, the resulting kinetic energy T is

given by

T=2m? @)
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which is equivalent to their loss of potential energy
1

2m2 = gAV (4)
The ions move in a circular radius r with velocity v determined by equating the magnetic force and centrifugal force
mv2
" =qvB ®)
The velocity v from Eq. 4 is inserted into Eq. 5 to determine the radius of the ion’s arc:
2mAV
1/2
r= [ 9B° I (6)
Foridentical values of g, AV, and B, the ratio of radii for two ions of different masses is:
O S TP
™ (7)

Consider a reference mass spectrometer that utilizes an electric field strength of 3000 V and a magnetic field
strength of 0.12 T. For specificity, assume that both the lead isotopes and the PSN are singly ionized with a charge of +1
e, and the lead beam contains the most stable PSN of Ref. 30 (i.e., (354, 1226, 4.8x10'2y)). In this spectrometer, the (354,
1226, 4.8x10'2 y) nuclei and 2%Pb and 2%8Pb lead isotopes would be detected at radii of about 2.3 m and 0.95 m,
respectively. The key question regarding the mass spectroscopy approach is the detection of the weak Z=354 signal (if it
exists). However, the relative abundance of the superheavy element will be miniscule relative to the predominant lead
signal. Although this would require extreme sensitivity to detect these primordial elements, the mass difference would be
readily detected.

6.0 Conclusions

Calculations suggest the existence of PSNs in the vicinity of Z = 35430, Their postulated decay to a stable isotope
of lead offers a possible approach for their detection. Mass spectroscopy techniques easily resolve the mass difference
between primordial superheavy systems and stable isotopes of lead, if there is sufficient PSN present in the lead sample
used to produce the ion beam. The success of the mass spectroscopy approach depends on the existence of the PSN and

a spectrometer with sufficient sensitivity to detect the remnant superheavy nucleus signal.
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