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The Elements as They Stand Today

e There are 92 naturally occurring elements (but it
depends on how you count them).

The heaviest element that occurs in large quantity is
uranium (atomic number 92). You can mine it like gold.

Technetium (atomic number 43) does not occur naturally.
Promethium (atomic number 61) does not occur naturally.

237Np and 239Pu have been discovered in natural ores. They
are produced by naturally occurring nuclear reactions.

244Pu has also been discovered in nature! This isotope has
a half-life of “only” 8o million years.

® The artificial elements bring the total to 118.



The Periodic Table
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The heaviest elements are all produced artificially!
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Why Study Heavy Elements?
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Criteria for a New Element

e Must exist for approximately 107 s. This is roughly
the time needed for a nucleus to collect a cloud of
electrons.

® The atomic number must be different from all known
atomic numbers, beyond a reasonable doubt. It does
not have to actually be determined, though.

e The same goes for the mass number.

e Physical or chemical methods can be used.

e (Confirmatory experiments are preferred.

e Giving it a name immediately is discouraged.

e [n reality, these criteria have not stopped arguments
about who discovered what. They can last for years.



New Element Discoveries

ca. 1980-2010
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J. H. Hamilton et al., Ann. Rev. Nucl. Part. Sci. 63, 383 (2013). doi:i0.1146/annurev-nucl-102912-144535
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Let’s Study the “Literature”

250Md + 4°K — 299120 = !! A g
244Py + 58Fe — 392120 |
248Cm + 54Cr — 392120
238(J + matNj — ‘120
Some of these

reactions have been
studied!

The 25°Md reaction is
impossible, though,
because its half-life is
too short (52 s).

The Big Bang Theory, S7E6. Slide inspired by Ch. E. Diillmann.



Current and Future History of

Elements Above 118

e The problem: Targets above Cf are not available.
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e A number of reactions have been studied using
projectiles heavier than 48Ca, but none have succeeded:

o 58Fe + 244Pu — 298120 + 4n
e 54Cr + 245Cm — 293120 + 4n
o 5°Ti + 249Cf — 295120 + 4n
e 5°T] + 2499Bk — 295119 + 4n
e 64Nj + 38U — 298120 + 4n
® The great question is, “What reaction is most likely to
lead to the discovery of the next new element?”



Current and Future History of

Elements Above 118

e JINR-LLNL studied the 5°Fe + 244Pu — 293120 + 4n
reaction and reported an upper limit cross section of
0.4 pb (0.74 pb at 84% confidence).

e GSI Experiments:

e 54Cr + 248Cm — 298120 + 4n, o< 0.58 pb (1.92 pb at 84%)
o Compare with 4Ca + 24Cm — 292Lv + 4n: opyg = 3.3 pb

e 5°T] + 249Cf — 295120 + 4n
o Compare with 4Ca + 249Cf — 2940g + 3n: opyg ~ 0.5 pb

e 59T + 2499Bk — 295119 + 4n, 0 < 0.052 pb
o Compare with 4Ca + 249Bk — 293Ts + 4n: opyg 1.3 pb

e 64Nj + 38U — 298120 + 4n: o< 0.09 pb

e 5°T] + 252Cf — 298120 + 4n has also been proposed.



How does the nuclear reaction

work?
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The Fission Barrier

. ® Bcis the fission barrier.

e [tiscaused bya change
in the surface and
Coulomb energies at
constant volume and
density.
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Fig. 7.3 Diagram showing potential energy as a function of deformation from
a spherical nucleus. (1) Point of critical deformation (saddlepoint); (2) Point of
scission,



Shell Effects in SHE Production

e A larger shell effect can result in a higher fission barrier. This
has had a dramatic impact on our ability to produce SHEs.
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E. Minaya Ramirez et al., Science 337, 1207 (2012). doi:10.1126/science.1225636
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How do you make a heavy nucleus?

e The production of a heavy nucleus is a competition

between neutron emission and fission.
e The evaporation residue

Cross section can be A
written as: . g" [Fission >
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Survival of the Compound Nucleus

e This influence of B; — B, is significant:
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Dependence of B]c S, on Model
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The Future of New Elements

e A number of reactions have been studied:
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Superactinides E (122-153)

e Theoretical predictions generally indicate very low
production rates for all of these reactions.

e None of these experiments have been successful.



Prospects for the Discovery of the

Next New Element

e Element discovery has progressed in groups.

¢ We may be in another period of few new elements.
2.

(Trans)uranium Elements Discovered
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Adapted from a figure by D. C. Hoffman.



Use of Exotic Beams for SHE

Synthesis?

e Walt Loveland has thoroughly investigated the
question of how RIBs can be used for heavy elements.

PHYSICAL REVIEW C 76, 014612 (2007)

Synthesis of transactinide nuclei using radioactive beams

W. Loveland
Dept. of Chemistry, Oregon State University, Corvallis, Oregon 97331, USA
(Received 19 March 2007; published 24 July 2007)

The prospects for the synthesis of transactinide nuclei using radioactive beams are evaluated quantitatively for
a modern radioactive beam facility. A simple formalism for calculating the complete fusion cross sections that
reproduces the known heavy element production cross sections over six orders of magnitude is used to calculate
the production rates for transactinide nuclei with Z < 120. All possible projectile and target combinations are
evaluated. Exciting new possibilities for studies of the atomic physics, chemistry, and nuclear spectroscopy of the
heaviest elements should be realized at a modern radioactive beam facility. The synthesis of new heavy elements

is best undertaken at stable beam accelerators.

DOI: 10.1103/PhysRevC.76.014612 PACS number(s): 25.70.Jj, 25.85.—w, 25.60.Pj



Production of Transactinide Nuclei

Using Exotic Beams

e Access to longer-lived nuclides of transactinide
elements would allow for more sophisticated expts.:

e Wet chemistry, standard reduction potentials, etc.

e Laser spectroscopy, ionization potentials, etc.

TABLE III. Long-lived neutron-rich nuclei produced by radioactive beam reactions with Z = 103-109.

Element Heaviest 12 Predicted new isotopes and their predicted half-lives
known isotope
produced directly
Lr 262 216 min (263, 12 h)(264, 80 d)(265, 196 d)
Rf 263 [5 min (264.9.0 min)(265, 12.4 h)
Db 263 27 s (264, 3.6 min)(265, 3.4 min)(266, 2.4 h)(267, 7.2 h) (268, 2.4 h)
Sg 266 21s (267, 4.2 min)(268, 7.1 min)(269, 1.3 min) (270, 2.6 s)
Bh 267 17s (268,47 5)(269, 1.4 min)(270, 10.6 s)(271, 0.8 $)(272,9.9 s)
Hs 270 (271, 0.13 5)(272,0.02 5)(273, 0.13 5)(274, 0.83 5)
Mt 268 42 ms (269, 6.4 ms)(270, 54 ms)(271, 69 ms)(272, 12 ms)

(273, 1.2 ms)(274, 20.9 ms)(275, 78 ms)




Economic Impact of Tennessine

e January 2017: A special edition of Jack Daniel’s Single
Barrel Select Whiskey “Element 117Ts Tennessine.”

SINGLE BARREL
SELECT ;

TENNESSEE WHISKEY [ [2]

. LYNCHBURG /’% l

it
,)‘ //

Ny TENN.
‘\\._\ qu ?/0

Element 117Ts tennessine

Slide prepared by K. Rykaczewski.



Popular Impact of Tennessine

The Big Bang Theory, SgE15. Slide prepared by M. A. Stoyer.



What has heavy element

chemistry told us?

® The chemistry of the heaviest elements has been
critical to our understanding of the periodic table.

e Glenn Seaborg developed the actinide concept, which
places certain elements in a separate actinide series.
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Standard Reduction Potential of

NO3+
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Laser Spectroscopy of No
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First lonization Potential of Lr

e By measuring the yield through an “ionization cavity”
and fitting to a calibration curve, the IP was determined.
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Sg Carbonyl Complexes

e Sg isa homolog of Mo and W.

e A mixture of CO and He was used to form Sg(CO),,
similar to W(CO),.

Synthesis and detection of a
seaborgium carbonyl complex

J. Even,' A. Yakushev,? Ch. E. Diillmann,"“*** H. Haba,* M. Asai,” T. K. Sato,” H. Brand,>
A. Di Nitto,? R. Eichler,®7 F. L. Fan,® W. Hartmann,> M. Huang,* E. Jiger,? D. Kaji,*

J. Kanaya,* Y. Kaneya,” J. Khuyagbaatar,' B. Kindler,? J. V. Kratz,? J. Krier,? Y. Kudou,*
N. Kurz,? B. Lommel,? S. Miyashita,>” K. Morimoto,* K. Morita,*'® M. Murakami,*

Y. Nagame,’ H. Nitsche,'>"* K. Ooe," Z. Qin,® M. Schiidel,” J. Steiner,” T. Sumita,*

M. Takeyama,* K. Tanaka,* A. Toyoshima,’ K. Tsukada,® A. Tiirler,%®? I. Usoltsev,®”

Y. Wakabayashi,* Y. Wang,® N. Wiehl,* S. Yamaki*'*

J. Even et al., Science 345, 1491 (2014). doi:0.1126/science.1255720
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Attempted Determination of SHE

Atomic Number

e Two expts. have tried
to observe x-rays in
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How does an atom-at-a-time

chemistry experiment work?

¢ We want to compare some transactinide chemical
property to that of its lighter homologs.

e We have billions and billions of atoms of a homolog
available (remember that 1 mol = 6.022 x 10>3 atoms), but
only a few of the transactinide for comparison.

e We have to be clever!
e Step 1: Use a nuclear reaction to make the transactinide.

e Step 2: Possibly use a chemical reaction to make a
compound of this transactinide.

e Step 3: Measure the radioactive decay of the heavy atom.
e Use the data to extrapolate to macroscopic quantities.



Hassium (Z = 108) Chemistry

Experiment
“Mg+75Cm 3
*Hs +20, — **HsO, (a chemical reaction)

Hs+5.n (a nuclear reaction)

Rotating 25mg"*

28Cm-Target

Quartz
Column PFA Teflon

elO, l Capillary

/f’..“. t\’/:f

Recoil Quartz Oven
Chamber Wool Plug (600 °C)

Thermostat PIN-Diode Detector
(-20 °C) (12 pairs)

Based on Ch. E. Dillmann et al., Nature (London) 418, 859 (2002). doi:


https://doi.org/10.1038/nature00980

Comparison with the Lighter

Homolog Osmium

90 = 0 0
° B Exp:26°Hs, 27%Hs
80T _4455 ¢ — Ex::: 1720s (T,,=19.2s) [ ~20
- MCS (0s): -39.5 kJ/mol 1
:; 701 ) — MCS (Hs): -46.5 kJ/mol -40 I&_)I
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> 40 - -100 ®
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Detector

Slide courtesy of Ch. E. Dillmann.



Hs Simulation and Results

Once you have the experimental data, you do a Monte
Carlo simulation of the experiment that takes into
account the geometry of the channel, the temperature
profile, and the observed decay chains.

The simulation tells you the adsorption enthalpy of
the tetroxides on the detector surface (Si,N,) that is
most likely to give you the observed distribution.

OsO,: AH 4s = -39 + 1 kJ/mol
HsO,: AH 45 = —46 * 2 kJ/mol

Notice that this experiment give you the energy per
mole, even though there were only seven molecules.

The element is placed on the periodic table!



Relativistic Effects and Copernicium

(Z=112) Chemistry

e The effect is that s and p orbitals are contracted and
stabilized, while the d and f orbitals are expanded and
destabilized.

e For Cn, this may mean that
the filled 6d'*° shell may R — -
behave like the filled e : “
6s26p° orbitals of a noble
gas.
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Modern Periodic Table



Copernicium Chemistry Setup

e The nuclear reaction is 4Ca + 3%U — 28Cn + 3n.

48Cg

® The reaction products s R
are stopped in a mixture &
of He and Ar. \_ R o

® They go through a 4 C Dt
purification step into a (D]
closed-loop system with : o
minimal oxygen and J\, - | E_/ | H;\ J E [l
water. ;T —

¢ The main componentisa __Jé__i\;_______;______iz__%
thermochromatography Rl \=D~ / W
column. °

R. Eichler et al., Nature (London) 447, 72 (2007). doi:


https://doi.org/10.1038/nature05761

Copernicium Chemlstry Results

The experiment was

designed to produce Cn,

Hg, and Rn at the same
time.

Hg is not volatile and
deposits even at high
temperatures.

Rn is volatile and only
deposits at low
temperatures.

Cn is somewhere in
between.

R. Eichler et al., Angew. Chem. Int.
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Cn Simulation and Results

Once you have the experimental data, you do a Monte
Carlo simulation of the experiment that takes into
account the geometry of the channel, the temperature
profile, and the observed decay chains.

The simulation tells you the adsorption enthalpy of
the metal on the detector surface (Au) that is most
likely to give you the observed distribution.

Hg: AH_4, = -98 + 3 kJ/mol Rn: —27 + 3 kJ/mol
Cn: AH_4, = -52 + 4 kJ/mol

Notice that this experiment give you the energy per
mole, even though there were only a few molecules.

The element is placed on the periodic table!



Pershina et al. Comments on

Nihonium Adsorption on Au

Even though it is predicted to be chemically more inert than TI,
element 113 should rather well adsorb on the gold surface in the
He/H, atmosphere with AH.4s(113)=—158.6 k]/mol which re-
quires very high T,4. Since the gold plated silicon detectors in
the gas-phase chromatography experiments cannot be heated
above 35 °C, element 113 will adsorb right at the beginning of
the chromatography column with a negative temperature gradient,
being indistinguishable in this way from TI. Thus, only a low limit
of —AH_,4s can be given by such a thermochromatography study. In

V. Pershina et al., Chem. Phys. Lett. 480, 157 (2009). doi:


https://doi.org/10.1016/j.cplett.2009.08.069

Dubna Nihonium (Z = 113) Chemistry

Experiment

e Dmitriev et al. reported a broad distribution of 113 on
room-temperature Au surfaces with ~AH 4, > 60 kJ/mol.

(b)

130
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S | $
13 = 19 2
g 1-10 £
g £
g 1-20 &
B
ki =
& 1-30
- -40
Figure 1 Schematic diagram of the experimental setup for studying the
chemical properties of element 113: (1) *Am (1.5 mg em™2) + "*Nd 0 | 161 — 32'50
(15 pg cm™) target on the backing of Ti (2 pm); (2) vacuum window (4 pm ’
Ti foil); (3) cylindrical quartz insertion; (4) beam-stop with water cooling; Detector number
(5) target chamber; (6) oven; (7) quartz filter; (8) transport capillary; (9) iso- . o 185 ln
thermal detector of 16 pairs of Au(Si) detectors at ambient temperature; Figure 3 Dlsmb‘-‘tloﬂ Of‘ ('1 ) “Hg and (2) = At in the d'etector.rnodu]es
(10) cryodetector of 32 pairs of Au(Si) detectors; warm end at +20°C and g&gether with (:3) the position of the observed dec?y chains attributed to
cold end at =50°C; (1]) water thermostat; (/2) cryothermostat; (13) gas 113} dashed line (4) represents the temperature gradient from +20 to =50 °C
purification system; (74) pump; and (75) buffer volumes. at (a) isothermal and (b) cryomodules of the detector.

S. N. Dmitriev et al., Mendeleev Comm. 24, 253 (2014). doi:10.1016/].mencom.2014.09.001
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Flerovium (Z = 114) Chemistry

Results

® The experiment produced

o]a )
Fl, Pb, Hg, and Rn at the 71001 CcoMPACT! m

same time. " -

e Pband Hg are not volatile #
and deposit even at high
temperatures.

Temp /°C
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0

©) Hg
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e Rn isvolatile and only
deposits at low
temperatures.

e “Fl is a volatile metal, the
least reactive one in group
14.” (emphasis in original). 0
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A. Yakushev et al., Inorg. Chem. 53, 1624 (2014). doi:


https://doi.org/10.1021/ic4026766

Summary

® The study of heavy and superheavy elements has had a
profound impact on our understanding of nuclei and the
periodic table.

® There are currently 18 known elements. The pathway to
the next new element is not clear.

e The role of exotic beams is limited to specialized cases.

e Chemical experiments are undergoing a renaissance:
e First chemical studies of elements.
e Organometallic chemistry.
e Atomic spectroscopy.
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