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Н.В. Аксенов
Эксперименты по газоадсорбционной хроматографии 
элементов 112 и 114

Грант МОН «Сверхтяжелые ядра и атомы: пределы масс ядер 
и границы Периодической Таблицы Д.И.Менделеева»

• Актуальность
• Эксперименты в ЛЯР и GSI
• Анализ результатов

II. Сверхтяжелые атомы
• Экспериментальное определение химических свойств 112 и 

114 элементов в сравнении с их легкими гомологами 
соответственно, ртутью и свинцом на Фабрике сверхтяжелых 
элементов ОИЯИ

А.В. Еремин
Подготовка первого эксперимента по химии 114 и 112 
элементов на Фабрике СТЭ
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АКТУАЛЬНОСТЬ

• Сверхтяжелые элементы
• Предсказания свойств
• Релятивистские эффекты
• Радиохимия - особенности изучения
• Термохроматография
• Термодинамика и свойства
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ОСТРОВА СТАБИЛЬНОСТИ

Теория оболочечного 
строения ядра

• Поиск в природе
• Выделение из продуктов ядерных реакций

Необходимы надежные методы химической 
идентификации



ФУНДАМЕНТАЛЬНЫЕ ВОПРОСЫ ХИМИИ СТЭ

• Структура Периодической таблицы • Периодические закономерности

В соответствии с предсказаниями наибольший экспериментальный 
интерес вызывают Cn, Fl и Og
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Химическая идентификация Экспериментальное выявление влияния 
релятивистских эффектов
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ПРЕДСКАЗАНИЯ СВОЙСТВ

Периодический закон 

Химическая идентификация – выделение атомов изучаемого элемента, за 
счет его специфических свойств, уникальных для каждого химического 
элемента

Свойства элементов в 14 группе 
различаются между собой больше, чем в 
других группах

[Rn]5f146d107s27p2

Степень окисления +2

Fl аналог Pb

6 изотопов, 289Fl (2,1 с)

Усиление металлических свойств,
Увеличение устойчивости МО
вниз по группе
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ПРЕДСКАЗАНИЕ СВОЙСТВ

Б. Айхлер (1974, ЛЯР)
Высокая летучесть элементов 112-118

2. Расчеты электронной структуры:1. Экстраполяции 
термодинамических свойств внутри 
групп из экспериментальных данных

И.И. Тупицин
Особенности электронного строения и 
химические свойства сверхтяжелых 
элементов 7-го и 8-го периодов

А.М. Рыжков
Адсорбционные свойства сверхтяжелых 
элементов и их гомологов, а также их 
соединений (MH и MOH) на золотой 
поверхности

А.А. Котов
Химические свойства монооксидов Fl 
(Z=114), Cn (Z=112) и Hg (Z=80)



Релятивистские эффекты (РЭ) и химические свойства СТЭ

Основные РЭ в атомах СТЭ:
• Сжатие и стабилизация s- и p1/2-орбиталей;
• Растяжение и дестабилизация p3/2-, d- и f-орбиталей;
• Спин-орбитальное расщепление.

В атомах СТЭ РЭ существенно влияют на:
• потенциал ионизации;
• ковалентный/ионный радиус;
• поляризуемость;
• энергия основного состояния;
• спектроскопические характеристики.

Влияние РЭ на химические свойства:
• энергия, длина и тип химической связи;
• константы устойчивости комплексов СТЭ;
• энергия диссоциации молекул СТЭ;
• валентные состояния атомов СТЭ.

Атомные расчеты
• Pitzer, 1975: 112 и 114 элементы будут очень инертными, как 

благородные газы или летучие жидкости, связанные только 
дисперсионными силами

• Открытие Cn и Fl стимулировало большое количество расчетов

Обнаруженное в экспериментах сильное отклонение свойств СТЭ от 
зависимостей, характерных для их легких гомологов, и подтвержденное 

теоретически может быть интерпретировано как проявление 
релятивистских эффектов в химии
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Особенности изучения химии СТЭ

• Получение радиоизотопов только на ускорителях 
тяжелых ионов

• Низкие сечения ядерных реакций
• Короткое время жизни (Т1/2)
• Обнаруживаются в результате распада
• Один атом

М. Кюри
Открытие первых радиоактивных элементов

При выборе метода выделения и изучения СТЭ 
необходимо учитывать:

• не образуют жидкости и твердые тела
• выделение одного атома или его дочерних нуклидов 

из миллиардов продуктов ядерных реакций
• высокая селективность и эффективность выделения
• учет сорбции и др. процессов
• учет химических реакций с горячими атомами
• нужны быстрые химические взаимодействия
• необходима стабилизация в одной хим. форме
• результат должен быть интерпретирован/предсказан 

теорией
• строго контролируемые и воспроизводимые условия
• анализ низкой статистики
• детектирование цепочки альфа-распада или СД
• и др.Сегодня химия СТЭ

Возрождение радиохимии 
в первоначальном понимании, но на 

совершенно новом уровне!

РАДИОХИМИЯ СТЭ

Н.В. Аксенов@Совещание по физике ТИ, 06.07.2022 9
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ГАЗОАДСОРБЦИОННАЯ ХРОМАТОГРАФИЯ

Адсорбция на металлах:

Температура осаждения 
определяется энтальпией 
адсорбции, 
которая коррелирует с энтальпией 
сублимации

• Летучесть
• Инертное поведение
• Элементарное состояние

Стационарная фаза

Мобильная фаза – инертный газ

смесь Высокое сродство Низкое сродство

Разделение происходит из-за разницы 
в летучести и взаимодействии атомов 
с поверхностью

Химия с одним атомом
• высокая скорость разделения
• регистрация SF - максимальная чувствительность
• практически бесконечный объем образца
• широкий температурный диапазон
• высокая эффективность разделения

Постановка экспериментов требует больших технических, 
инженерных и интеллектуальных усилий



•Шаг 1: получение СТЭ в ядерной реакции 
•Шаг 2: получение летучего соединения СТЭ в 
химической реакции
• Шаг 3: измерение радиоактивного распада 
сверхтяжелого атома
•Шаг 4: экстраполяция данных адсорбции на 
макроскопические величины

Стратегия:

Сравнить химические свойства(поведение) 
СТЭ со свойствами его более легких 
гомологов в группе ПТ используя групповые 
отличия – летучесть соединений

Основы новой области химии - химии единичных атомов

ИЮПАК признал точную химическую 
идентификацию открытием элемента 104

Методика успешно применялась во всех 
последующих исследованиях 
с элементами 104-108
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ЭКСПЕРИМЕНТЫ

• 2000-2003 ЛЯР и PSI/GSI - Cn

• 2006-2013 PSI/ЛЯР - Cn, Fl

• 2009 TASCA GSI - Cn, Fl

• 2014-2015 TASCA GSI - Fl (результаты не опубликованы)

Адсорбция на золоте:
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ГАЗОАДСОРБЦИОННАЯ ХРОМАТОГРАФИЯ

Общая схема ГХ экспериментов

УСТАНОВКИ НА ПУЧКАХ ТЯЖЕЛЫХ ИОНОВ
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УСТАНОВКИ НА ПУЧКАХ ТЯЖЕЛЫХ ИОНОВ

COLD, PSI – Cn, Fl

COMPACT, TASCA, GSI – Fl 
-> Cn, Nh, Fl, Mc

Криодетектор, ЛЯР - Nh

Si
xt

y 
ye

ar
s o

f t
he

 tr
an

sa
ct

in
id

e c
he

m
is

tr
y 

in
 th

e 
ga

se
ou

s p
ha

se
 -

A.
 Y

ak
us

he
v;

 2
5.

01
.2

02
2

1

Window-less Operation

Rotated wheel
Actinide targets

Recoil Transfer Chamber

COMPACT detector

TASCA separator at GSI

• Япония – Rf, Db, (Sg)
• IMP, Китай – модельные (Nh)

Фото предоставлены А.Б. Якушевым (TASCA, GSI)Фото предоставлены Р. Айхлером (PSI)
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1. ЭКСПЕРИМЕНТЫ @ЛЯР + @GSI – Cn (2000-2003)

Качественные эксперименты: 
поведение Cn аналогично гомологу Hg или благородному газу Rn?

48Ca + 238U 283Cn (3,8 c)
Radiochim. Acta 91, 433–439 (2003)
© by Oldenbourg Wissenschaftsverlag, München

Chemical identification and properties of element 112

By A. B. Yakushev1,6,∗, I. Zvara1, Yu. Ts. Oganessian1, A. V. Belozerov1, S. N. Dmitriev1, B. Eichler2, S. Hübener3,
E. A. Sokol1, A. Türler6, A. V. Yeremin1, G. V. Buklanov1, M. L. Chelnokov1, V. I. Chepigin1, V. A. Gorshkov1,
A. V. Gulyaev1, V. Ya. Lebedev1, O. N. Malyshev1, A. G. Popeko1, S. Soverna4, Z. Szeglowski5, S. N. Timokhin1,
S. P. Tretyakova1, V. M. Vasko1 and M. G. Itkis1

1 Joint Institute for Nuclear Research, Flerov Laboratory of Nuclear Reactions, 141980 Dubna, Russia
2 Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
3 Research Center Rossendorf, D-01314 Dresden, Germany
4 University of Bern, Department of Chemistry and Biochemistry, CH-3012 Bern, Switzerland
5 Institute of Nuclear Physics, Krakow, Poland
6 Institute for Radiochemistry, Technical University of Munich, D-85748 Garching, Germany

(Received December 6, 2002; accepted in final form April 22, 2003)

Element 112 / Superheavy elements / Actinoids /
Transactinoids / Heavy ions / Chemical identification

Summary. We present results of the second experiment on
the chemical identification of element 112. Similar to the first
test in 2000 [1], we aimed at the production of the sponta-
neously fissioning 283112 nuclei with T1/2 ≈ 3 min. A natU3O8
(with some Nd) target, 2 mg of U/cm2 thick, was bombarded
with 233-MeV 48Ca ions (the energy in the middle of the
target layer). The nuclei recoiling from the target were ther-
malized in flowing helium. The target chamber was connected
through a 25 m long capillary to detectors of α-particles and
fission fragments. All the equipment and detectors were kept
at ambient temperature. According to the test experiments, of
all the heavy elements produced in the bombardment, only
Hg, Rn and At could be transported to the detectors. The
first detecting device was similar to that used earlier [1] –
an assembly of 8 pairs of PIPS detectors coated with gold.
Here one would observe the decay of element 112 atoms
if they like Hg adsorbed on gold. The atoms which were
not retained and freely passed through the PIPS detectors
entered a new, flow-through ionization chamber, 5000 cm3

in volume, optimized for detecting fission fragments. The
PIPS detectors and the ionization chamber were placed inside
a large assembly of 3He – filled neutron counters to detect
prompt neutrons from the fission events. In 22.5 days, a beam
dose of 2.8×1018 ions was accumulated. More than 95% of
the simultaneously produced α-active 185Hg (T1/2 = 49 s) were
found deposited already on the first pair of PIPS detectors;
meanwhile, all the PIPSs did not detect any fission event.
In the ionization chamber, eight fission events were observed
in coincidence with neutron counts while the expected back-
ground was insignificant. Hence, the spontaneous fissions of
the volatile activity can be conclusively attributed to the decay
of element 112 produced in the fusion reaction 48Ca+ 238U,
and formerly observed in Dubna physical experiments. Eval-
uation of the experimental data in terms of the adsorption
enthalpies indicates much weaker interaction of element 112
with Au than that of Hg. One can conclude that in the given

*Author for correspondence
(E-mail: Alexander.Yakushev@radiochemie.de).

chemical environment, element 112 behaves like Rn rather
than like Hg. The formation cross section of 283112 estimated
from the data amounts to several pb.
The experiments were carried out at the Flerov Laboratory

of Nuclear Reactions at JINR in November–December 2001.

Introduction
Chemical studies of element 112 (E112) are of great interest.
They might test the predicted strongly pronounced “rela-
tivistic effects” in chemical properties of the element and
provide an independent determination of its atomic number
and decay properties. E112 has been obtained [2, 3] directly
in the 238U (48Ca, 3n) reaction and also as the daughter of
287114 produced in the 242Pu (48Ca, 3n) reaction. Accord-
ing to its ground state electronic structure, E112 belongs
to group 12 of the Mendeleev Periodic System, and is the
nearest homologue of Hg. Then, based on classical extrapo-
lations, E112 can form stronger bonds with surfaces of some
metals, than is the bonding between E112 atoms in the hypo-
thetic metallic phase [4]. At the same time, relativistic quan-
tum chemistry predicts increasingly strong “relativistic ef-
fects” in the chemistry of superheavy elements (SHE) [5–9].
The calculated contraction stabilizes the spherical s and p1/2
electron orbitals, which more efficiently shield the nuclear
charge and thus destabilize the p3/2- and d-orbitals. This
may strongly influence the chemical behavior of the 7s and
7s7p1/2 elements, E112 and E114. They are sometimes pre-
dicted to approach noble gases in volatility and chemical
inertness [8].
Many authors expected elements from112 to 118 to pos-

sess unique volatility. In the 1970s, a Dubna group proposed
to use the volatilization and similar gas-phase techniques
for the chemical separation and identification of SHE 112-
118 in the atomic states [4, 10–15] and applied them in the
first experiments aimed at the search of SHE [15, 16]. The
adsorption behavior of SHE homologues was characterized
by thermochromatography in metallic columns [17, 18]. At
the same time, a method of estimating adsorption energies
on metals was proposed and employed to help the realiza-

Планирование эксперимента 
исходя из T1/2 = 30 c
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2. ЭКСПЕРИМЕНТЫ @ЛЯР/ PSI – Cn (2006-2007)

48Ca + 242Pu 287Fl (0,5 с) 283Cn (3,8 c)

В последующих экспериментах зарегистрировано 13 цепочек распада 283Cn и 285Cn
подтверждающих наблюдаемые свойства

668 A. Türler et al. / Nuclear Physics A 944 (2015) 640–689

Fig. 24. Events of 283Cn (black arrows) observed at three different experimental conditions compared to Monte-Carlo 
simulations (red lines) using a model suggested in [15] and considering the given experimental conditions using as 
−!Hads

Au(Cn) = 52 kJ mol−1. Figure adopted from [3]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

this campaign. Fig. 24 shows the deposition pattern that is explained by an adsorption interaction 
enthalpy of Cn with gold surfaces of −!H Au

ads (Cn) = 52+4
−3 kJ mol−1 (68% c.i.) [2,3].

7.4. Experimental confirmations of the observed chemical properties of copernicium

Between 2007 and 2013 several experimental campaigns have been performed at the U400 
accelerator at FLNR Dubna, Russia and at the Gesellschaft für Schwerionenforschung (GSI) 
Darmstadt, Germany aiming at the chemical identification of Fl, that is covered by a chapter 
later herein. We present here the data measured in these campaigns, which we assume undoubt-
edly being related to the chemical behavior of Cn. Thus, in 2007 and 2008 experiments using 
244Pu targets were performed. In 2007 the initial experimental setup was used. The isotope of 
Cn produced in the reaction 244Pu(48Ca, 3n)289Fl α−→ 285Cn decays by an α-particle emission of 
9.19 MeV followed by SF decay of 281Ds having a half-live of 12.7 s. 281Ds has an additional 
α-decay branch with a decay energy of 8.73 MeV followed very shortly by the SF decay of 277Hs 
(T1/2 = 3 ms). However, the background induced by the chemical transport of Po isotopes pre-
sumably as PoH2 [117] and as progenies of transported isotopes of Rn produced in multi-nucleon 
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3. ЭКСПЕРИМЕНТЫ - @ЛЯР/PSI – Fl (2007)

Adsorption studies on Au:
Is Fl a noble gas or a volatile metal?

Si
xt

y 
ye

ar
s 

of
 th

e 
tr

an
sa

ct
in

id
e 

ch
em

is
tr

y 
in

 th
e 

ga
se

ou
s 

ph
as

e 
-A

. Y
ak

us
he

v;
 2

5.
01

.2
02

2

2

 2007-2010 PSI/FLNR    −∆H(Au) = 34 -21
+54 kJ/mol [1]

 2009 TASCA@ GSI    −∆H(Au) > 48 kJ/mol [2]
 2014-2015 TASCA@GSI −∆H(Au) > 60 kJ/mol; −∆H(ice) = 30 kJ/mol [3]

# of observed Fl chains: PSI/FLNR – 3; TASCA – 8 
[1]  R. Eichler et. al. RCA 2010
[2]  A. Yakushev et al. Inorg. Chem. 2014
[3]  A. Yakushev et al., ChemPhysChem, submitted2

Fl
Pb
Hg
Rn

PSI/FLNR

TASCA@GSI

48Ca + 242Pu 287Fl (0,48 с) 283Cn (3,8 c)

Fl:
• Высокая летучесть и инертность в атомарном состоянии
• Физисорбция на золоте
• Благородный металл или газ

48Ca + 244Pu 288Fl (0,69 с) 284Cn (3 c)
48Ca + 244Pu 289Fl (1,9 с) 285Cn (29 c)

Cn:
• Химическая идентификация синтеза
• Высокая летучесть в атомарном состоянии
• Хемосорбция на поверхности золота
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4. ЭКСПЕРИМЕНТЫ - IV @ЛЯР/PSI – Fl (2008)

48Ca + 244Pu 288Fl (0,69 с) 284Cn (3,8 c)
48Ca + 244Pu 289Fl (1,9 с) 285Cn (29 c)

COLD + ГНС (У-400)

Gas phase chemical studies of superheavy elements using the Dubna gas-filled
recoil separator – Stopping range determination

D. Wittwer a,b,*, F.Sh. Abdullin c, N.V. Aksenov c, Yu.V. Albin c, G.A. Bozhikov c, S.N. Dmitriev c, R. Dressler b,
R. Eichler a,b, H.W. Gäggeler a,b, R.A. Henderson d, S. Hübener e, J.M. Kenneally d, V.Ya. Lebedev c,
Yu.V. Lobanov c, K.J. Moody d, Yu.Ts. Oganessian c, O.V. Petrushkin c, A.N. Polyakov c, D. Piguet b,
P. Rasmussen b, R.N. Sagaidak c, A. Serov a,b, I.V. Shirokovsky c, D.A. Shaughnessy d, S.V. Shishkin c,
A.M. Sukhov c, M.A. Stoyer d, N.J. Stoyer d, E.E. Tereshatov c, Yu.S. Tsyganov c, V.K. Utyonkov c, G.K. Vostokin c,
M. Wegrzecki f, P.A. Wilk d

a Departement für Chemie und Biochemie, Universität Bern, CH-3012 Bern, Switzerland
b Labor für Radio-und Umweltchemie, Paul Scherrer Institut, CH-5232 Villigen, Switzerland
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a b s t r a c t

Currently, gas phase chemistry experiments with heaviest elements are usually performed with the gas-
jet technique with the disadvantage that all reaction products are collected in a gas-filled thermalisation
chamber adjacent to the target. The incorporation of a physical preseparation device between target and
collection chamber opens up the perspective to perform new chemical studies. But this approach requires
detailed knowledge of the stopping force (STF) of the heaviest elements in various materials. Measure-
ments of the energy loss of mercury (Hg), radon (Rn), and nobelium (No) in Mylar and argon (Ar) were
performed at low kinetic energies of around (40–270) keV per nucleon. The experimentally obtained val-
ues were compared with STF calculations of the commonly used program for calculating stopping and
ranges of ions in matter (SRIM). Using the obtained data points an extrapolation of the STF up to element
114, eka-lead, in the same stopping media was carried out. These estimations were applied to design and
to perform a first chemical experiment with a superheavy element behind a physical preseparator using
the nuclear fusion reaction 244Pu(48Ca; 3n)289114. One decay chain assigned to an atom of 285112, the a-
decay product of 289114, was observed.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

The experimental determination of physical and chemical prop-
erties of the heaviest known elements represents an interesting
and challenging topic in the current nuclear chemistry and nuclear
physics research. The irradiation of actinide targets with intense
beams of 48Ca is so far the most successful way to produce the
heaviest elements in nuclear fusion reactions, for review see [1].

Chemistry experiments with superheavy elements formed in
complete fusion reactions are usually performed with the gas-jet

technique where all reaction products are collected in a gas-filled
thermalisation chamber adjacent to the target and transported as
gaseous species or attached to aerosols. This technique has the dis-
advantage that very high chemical separation factors are required
to isolate and identify single atoms of very heavy elements from
the bulk of other reaction products. For an overview on chemistry
experiments employing heavy ion induced nuclear fusion reactions
we refer to [2].

The incorporation of a physical preseparation device between
target and collection chamber opens up the perspective to perform
much cleaner and partly novel chemical studies [3,4]. Magnetic
and electrostatic separators [5–10] can be applied to physically
separate the recoiling evaporation residues (EVR’s) via kinematic
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selection from vast amounts of by-products of the nuclear reaction
prior to entering a chemistry setup.

The coupling of a gas-filled recoil separator [11] to a chemical
separation scheme has been performed for the first time at the
Berkeley Gas-filled Separator (BGS) [7] at the Lawrence Berkeley
National Laboratory (LBNL), Berkeley, USA. Recently, such cou-
plings are under development at the Transactinide Separator and
Chemistry Apparatus (TASCA) [10] at the Gesellschaft für Schwe-
rionenforschung (GSI), Darmstadt, Germany, at the gas-filled recoil
ion separator (GARIS) [9] at RIKEN, Wako, Japan, and at the gas-
filled recoil separator (DGFRS) [8] at the Flerov Laboratory of
Nuclear Reactions (FLNR) in Dubna, Russia. All these gas-filled sep-
arators allow for a momentum separation of unwanted reaction
products in a gas-filled magnet array (typically pressure 50–150
Pa H2 or He). A gas catcher that stops the EVRs is installed then
in the ion optical focal plane of the separator. Products stopped
in the catcher can be subjected to further chemical separation pro-
cedures permitting a nearly background-free detection.

One drawback of this technique is the decrease of sensitivity in-
duced by the limited transmission of the physical separator and
the lower production rates due to limited target thicknesses appli-
cable at physical separators. Due to the pressure difference be-
tween the gas-filled separator and the gas catcher, a physical
divider in form of a window foil must be introduced. This foil has
to withstand the applied pressure differences but has to be also
thin enough to efficiently let pass the low energy EVR’s. Moreover,
the foil and the gas conditions in the catcher need to be adjusted to
thermalize the EVR’s in a gas volume as small as possible to keep
the further transport as fast as possible. Hence, such a combination
of a physical preseparator and a chemical separation demands a
detailed knowledge of the STF from involved ions.

Recently, the ‘‘in situ volatilization and on-line detection” (IVO)
technique [12–14] was used to investigate the chemical behavior
of element 112, eka-mercury. Here we describe the first experi-
ment to investigate element 114, eka-lead, via coupling of this
IVO-system to the DGFRS as a physical preseparator. We will first
discuss STF-measurements of Hg, Rn, and No in Mylar and gaseous
Ar performed in preparation of the main experiment. Secondly, the
extrapolative method to estimate the STF of element 114 in Mylar
and Ar will be explained. Finally, the results obtained in an exper-
iment using the nuclear fusion reaction 48Ca + 244Pu to synthesize
element 114 will be presented.

2. Materials and methods

2.1. Stopping force experiment

A (265 ± 3) MeV 48Ca18+ beam delivered from the U-400 cyclo-
tron at the Joint Institute for Nuclear Research (JINR) in Dubna,
Russia, in combination with the rotating target wheel setup of
the DGFRS (see e.g. [15]) was used to perform all irradiations.
Three different target materials were irradiated to determine the
STF’s of Hg, Rn, and No. The targets were made of neodymium
oxide (natNd2O3, 0.35 mg/cm2), dysprosium oxide (natDy2O3,
0.38 mg/cm2), and lead (208Pb, 0.42 mg/cm2), respectively. The lan-
thanide targets were prepared via electroplating on arc-shaped Ti
segments of 0.73 mg/cm2 thickness, whereas the lead target was
deposited by vapor deposition on arc-shaped Cu segments
(1.09 mg/cm2). The Hg and Rn experiments were performed using
a mixed target wheel containing two Nd, two Dy, and two empty Ti
segments. The beam was chopped to the wanted targets to sepa-
rately produce either Hg or Rn isotopes. The beam energy in the
center of the targets was (244 ± 3) MeV in the Hg and Rn experi-
ments. In the case of the No experiments the whole target wheel
was equipped with 208Pb segments and an additional degrader foil

of 1.40 mg/cm2 Al was installed prior to the target to reduce the
beam energy to (217 ± 3) MeV in the center of the target. The evap-
oration residues mainly produced are according to HIVAPSI [16]
185Hg, 206Rn, and 254No, formed in the fusion reactions 142Nd(48Ca;
5n)185Hg, 164Dy(48Ca; 6n)206Rn, and 208Pb(48Ca; 2n)254No, respec-
tively. The HIVAPSI program is a statistical code based on the Haus-
er Feshbach formalism to estimate the production-cross-section of
compound nuclei formation with followed particle evaporation.
Beam intensities between 1.5 ! 1011 particles per second and
1.4 ! 1012 particles per second (i.e. 24 ! 10"9 pA–220 ! 10"9 pA)
were applied. The evaporation residues were guided through the
DGFRS towards an aluminized Mylar foil of 2.0 lm, 3.0 lm, or
5.0 lm (± 5%, 2r c.i., i.e. 95.45% confidence interval) thickness sep-
arating the reaction product collection chamber (RPC-chamber)
from the gas-filled magnet array of DGFRS. The RPC-chamber had

Table 1
Experimental conditions applied during measurements.

Mylar thickness in lm

2.00 ± 0.10 3.00 ± 0.15 5.00 ± 0.25

Ar pressure [kPa] 0 Hg, Rn, No No Hg, Rn
20 ± 2 Hg, Rn, No – –
40 ± 2 Hg, Rn – –
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Fig. 1. Schematic of the experimental setup using physical preseparation with the
DGFRS. The 48Ca beam (1) passes through a rotating target assembly consisting of a
Ti vacuum window (2) and a target backing (3) before entering the target material
(244PuO2) which was electroplated on Ti backing foils. The beam (1) and nuclear
reaction products (4) entering the cavity of the DGFRS magnet array (5: D, Q1, Q2,
133 Pa H2). They are spatially separated in the gas-filled dipole magnet (D). The
beam (low rigidity ions) is redirected to the Ta beam dump (6). Only nuclear
reaction products having the required magnetic rigidity are focused by the two
quadruple lenses (Q1, Q2) onto the focal plane (7) of the separator. Here, the
products pass through a 3.0 lm thick Mylar window (8) mounted on a honey comb
steel grid (80% transitivity) and are stopped in the Ar filled RPC-chamber (9). The
carrier gas Ar (10) transports the thermalized products through a 4 m long
perfluoroalkoxy-Teflon (PFA) capillary (1.56 mm inner diameter) (11) to a quartz
column containing tantalum metal and a quartz wool plug, both heated up to
850 !C (12), serving as a getter/trap for water, oxygen, and other reactive species.
Volatile and inert nuclear reaction products pass this getter and are transferred
further through a 40 cm PFA capillary (13) (2 mm inner diameter) to the
thermochromatographic detection system COLD (14). The gas flow within the
closed loop system was established by metal bellow pumps (16). The gas loop
consists of a drying unit (15) for additionally purification of the gas and a buffer
volume (17) to prevent pressure waves and variations of the flow rate. Between the
separator and COLD a concrete wall (18) of 2 m thickness shielded the sensitive
spectroscopy electronics from fast particles produced by beam-induced nuclear
processes. An 227Ac source (19) flushed by the carrier gas was mounted in front of
the recoil chamber.
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9 MeV, where most of the a decays of super heavy elements are
expected.

This gain in background suppression is however accompanied
by a loss in overall sensitivity, as already discussed.

In the course of the experiment, 17 single high energy events
over 50 MeV were detected, mostly originating from fast particles
and/or electronic noise. Because the probability to detect only one
fragment of a spontaneous fission (SF) is 37% in the COLD array
[33], it is very unlikely (total probability rate about 3.1 ! 10"6) that
all of them originate from real SF-decaying isotopes.

During the experiment one decay chain was observed that can
be attributed unambiguously to the decay of 285112 and its daugh-
ter 281Ds (Fig. 8, right side), which are the descendants of 289114.
From the sum of a-spectra (Fig 7, black) and the amount of high
energy events above 50 MeV in the detectors throughout the
experiment (see below) the number of expected random correla-
tions during the entire experiment was estimated to be
1.8 ! 10"3 [34]. The decay of 285112 takes place in the COLD array
on detector #19 held at a temperature of "93 !C. The observation
can be explained by the decay of an adsorbed atom of 285112,
which was produced in the a-decay of the reaction product
289114 during transport from the RPC-chamber to the COLD array.

Based on the known adsorption properties of element 112 on gold
[13,14] and using the Monte-Carlo model of gas chromatography
[35] one can estimate that about 21% of 285112 are able to reach
or pass detector #19 under the used experimental conditions. On
the other hand the observed decay chain might be just incomplete
because the a particle from the 289114 decay was missed. The
probability to miss the a particle in this decay chain was expected
to be 28% in the COLD array [33]. Then, the observation would rep-
resent the chemical deposition of element 114 at "93 !C tempera-
ture on a gold surface indicating a high volatility and chemical
inertness of element 114 as it was observed before [33].

In addition two clear SF events with coincident fragment detec-
tion have been observed in detectors 4 ("8 !C, fragment energies
131 MeV and 50 MeV) and 6 ("16 !C, 88 MeV and 101 MeV),
respectively (see Fig. 9). Under the justified assumption that the
physical preseparation and the additional chemical separation
completely suppressed actinides, we tentatively assign these
events to transported 288–289114 or their progenies, as the only
sources of SF events. However, no unambiguous identification of
the nuclide is possible through the mere detection of an unspecific
SF-decay.

The detection of super heavy elements in the COLD confirmed
the STF estimations elaborated in this work.
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calculate the epSTF belonging to 289114. The position of element 114 is marked with a dashed-dotted line.
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Fig. 8. Published decay properties of 289114 from [1] (left side). The right chain
depicts the decay chain observed during the experiment.
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1 цепочка распада 285Cn при −93 ◦C

Вопросы:
• Общая эффективность эксперимента
• Фон по SF
• Торможение ядер отдачи

35 days was 9.7 х 1018 particles 
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5.  ЭКСПЕРИМЕНТЫ @TASCA, GSI –Fl (Cn) (2009)
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Fig. 33. Observed correlated decay chains assigned to Fl. (I)/(II) denote COMPACT I and COMPACT II, respectively. 
Right hand side of the boxes: temperature of the detector that registered the event. Figure adopted from [5].

Fig. 34. The observed gas-chromatographic behavior of Fl and Cn in COMPACT compared to that of Pb, Hg and Rn. 
Measured distributions (bars) of 185Pb (panel b), 182Hg (panel c), and 219Rn (panel d) together with the temperature 
profile in the main part of the experiment (panel a) are shown. Figure adopted from [5].

Pb and Hg interact strongly with gold but have significantly different adsorption enthalpies on 
gold. The similarity in the observed distribution patterns points at the diffusion-controlled nature 
of the adsorption process. The diffusion to the wall controls the process for both Pb and Hg, and 
they adsorb upon first contact with the surface at the beginning of COMPACT I. A lower limit of 
−!HAu

ads > 64 kJ mol−1 was deduced for both Pb and Hg [5].
In chain #1 originating from 288Fl, the SF decay from 284Cn was registered, after a lifetime 

of 650 ms, in the same detector pair as the α decay of the mother nuclide 288Fl. Taking into 
account the half-life of 284Cn and the adsorption enthalpy value for Cn atoms on gold, 284Cn 
would travel at room temperature 1 cm downstream in COMPACT I within about 135 ms. The 
fact, that the decay from 284Cn was observed in the same detector pair is indicative for the decay 
of 288Fl in the adsorbed state. In chain #2 originating from 289Fl, the last two members, starting 
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Fig. 32. Schematic drawing of the TASCA-COMPACT2 arrangement used for the gas chromatographic investigation of 
the volatility of Fl and its reactivity towards an Au surface. The 48Ca beam (1) passed through the rotating 244Pu target 
(2) assembly. The separator TASCA consists of one dipole (D), where unwanted nuclear reaction products (3) were 
deflected, and two quadrupole (Q) magnets. At the exit of TASCA, a vacuum window (4) separated the low pressure 
required in TASCA from the high pressure applied in the recoil transfer chamber (RTC) (5). After passing the vacuum 
window, Fl was thermalized in the gas inside the RTC and was transported in its elemental state with the carrier gas 
through a 2 cm long PTFE tube (6) into a series of two COMPACT detector arrays (7) connected by a 30 cm long 
polytetrafluoroethylene (PTFE) capillary (8) (2 mm i.d.). A negative temperature gradient was applied along COMPACT 
II using a liquid nitrogen cryostat (9) at the exit. Figure adopted from [5].  2014 American Chemical Society.

186Pb produced in a pulsed beam regime by irradiations of 142Nd and 144Sm targets with 48Ca 
ions, respectively [5]. The Pb and Hg ions were thermalized in the RTC gas volume and flushed 
out and transported by a gas flow (He:Ar = 7:3, flow rate 1.3 L/min) to the first COMPACT, 
where they adsorbed on the gold surface in a diffusion-controlled deposition process. Prior to 
the chemistry experiment, production rates of Hg and Pb isotopes were measured in the RTC 
position behind the RTC window. The Pb and Hg ions guided through TASCA were implanted 
in a (58 × 58) mm2 double-sided silicon strip detector where their α-particle decays were regis-
tered. In COMPACT, 27% of Hg atoms and 20% of Pb atoms entering the RTC were observed 
with an error level of ±5%. The distribution of Rn, the third volatile element for the comparative 
study was measured in COMPACT during the entire experiment – a small amount of 219Rn em-
anating from a 227Ac source was added continuously to the carrier gas. The undesired products 
of multi-nucleon transfer reactions were strongly suppressed by TASCA. The small amounts of 
non-volatile target-like products that still reached the focal plane were not transported to COM-
PACT by the gas flow.

The search procedure for decay chains revealed two correlated chains, α–SF (#1) and α–α–SF 
(#2). Both members of chain #1 were observed in detector pair #9 in the first COMPACT. The 
members of chain #2 were found distributed over both COMPACT arrays: the α particle of the 
mother nucleus initiating the chain was detected in top detector #9 in the first COMPACT. The 
last two members of the chain were detected in detector pair #52 in the second COMPACT 
at −32 ◦C. These two chains were assigned to the decay of 288Fl and 289Fl, respectively (see 
Fig. 33). A search for SF events revealed two additional events in detector pairs #1 and #64 with 
coincident fragment detection. In total, only these four SF events were observed, all with two 
coincident fission fragments.

The analysis of the sum α-particle spectra revealed that the main peaks originated from 219Rn 
and its progenies, 215Po and 211Bi. Due to the extremely low background in the energy range 
above 7.5 MeV, the observed decay chains are highly significant. The probabilities for a random 
origin, unrelated to the decay of Fl, are only 6.3 · 10−6 (chain #1) and 1.3 · 10−6 (chain #2) [5].

In Fig. 34 the positions at which the two Fl decay chains were observed (panel e) together with 
the measured distributions (solid bars) of Pb (panel b), Hg (panel c) and Rn (panel d) are shown. 
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Fig. 33. Observed correlated decay chains assigned to Fl. (I)/(II) denote COMPACT I and COMPACT II, respectively. 
Right hand side of the boxes: temperature of the detector that registered the event. Figure adopted from [5].

Fig. 34. The observed gas-chromatographic behavior of Fl and Cn in COMPACT compared to that of Pb, Hg and Rn. 
Measured distributions (bars) of 185Pb (panel b), 182Hg (panel c), and 219Rn (panel d) together with the temperature 
profile in the main part of the experiment (panel a) are shown. Figure adopted from [5].

Pb and Hg interact strongly with gold but have significantly different adsorption enthalpies on 
gold. The similarity in the observed distribution patterns points at the diffusion-controlled nature 
of the adsorption process. The diffusion to the wall controls the process for both Pb and Hg, and 
they adsorb upon first contact with the surface at the beginning of COMPACT I. A lower limit of 
−!HAu

ads > 64 kJ mol−1 was deduced for both Pb and Hg [5].
In chain #1 originating from 288Fl, the SF decay from 284Cn was registered, after a lifetime 

of 650 ms, in the same detector pair as the α decay of the mother nuclide 288Fl. Taking into 
account the half-life of 284Cn and the adsorption enthalpy value for Cn atoms on gold, 284Cn 
would travel at room temperature 1 cm downstream in COMPACT I within about 135 ms. The 
fact, that the decay from 284Cn was observed in the same detector pair is indicative for the decay 
of 288Fl in the adsorbed state. In chain #2 originating from 289Fl, the last two members, starting 
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ABSTRACT: The electron shell structure of superheavy elements, i.e., elements
with atomic number Z ≥ 104, is influenced by strong relativistic effects caused by
the high Z. Early atomic calculations on element 112 (copernicium, Cn) and
element 114 (flerovium, Fl) having closed and quasi-closed electron shell
configurations of 6d107s2 and 6d107s27p1/2

2, respectively, predicted them to be
noble-gas-like due to very strong relativistic effects on the 7s and 7p1/2 valence
orbitals. Recent fully relativistic calculations studying Cn and Fl in different
environments suggest them to be less reactive compared to their lighter
homologues in the groups, but still exhibiting a metallic character. Experimental
gas−solid chromatography studies on Cn have, indeed, revealed a metal−metal bond formation with Au. In contrast to this, for
Fl, the formation of a weak bond upon physisorption on a Au surface was inferred from first experiments. Here, we report on a
gas−solid chromatography study of the adsorption of Fl on a Au surface. Fl was produced in the nuclear fusion reaction
244Pu(48Ca, 3−4n)288,289Fl and was isolated in-flight from the primary 48Ca beam in a physical recoil separator. The adsorption
behavior of Fl, its nuclear α-decay product Cn, their lighter homologues in groups 14 and 12, i.e., Pb and Hg, and the noble gas
Rn were studied simultaneously by isothermal gas chromatography and thermochromatography. Two Fl atoms were detected.
They adsorbed on a Au surface at room temperature in the first, isothermal part, but not as readily as Pb and Hg. The observed
adsorption behavior of Fl points to a higher inertness compared to its nearest homologue in the group, Pb. However, the
measured lower limit for the adsorption enthalpy of Fl on a Au surface points to the formation of a metal−metal bond of Fl with
Au. Fl is the least reactive element in the group, but still a metal.

1. INTRODUCTION

Superheavy elements (SHEs) are unique in two respects. Their
nuclei exist only due to nuclear shell effects, and their electron
structure is influenced by increasingly important relativistic
effects.1−3 Syntheses of SHE with a proton number Z up to 118

have been reported.4 Elements with Z = 104−112 are members
of the 6d series in the periodic table of the elements. The 7p
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Высокая летучесть и инертность по сравнению со свинцом
Хемосорбция на золоте и металлические свойства
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6.  ЭКСПЕРИМЕНТЫ @TASCA, GSI – Fl (2014-2015)
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Adsorption studies on Au:
Is Fl a noble gas or a volatile metal?
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 2007-2010 PSI/FLNR    −∆H(Au) = 34 -21
+54 kJ/mol [1]

 2009 TASCA@ GSI    −∆H(Au) > 48 kJ/mol [2]
 2014-2015 TASCA@GSI −∆H(Au) > 60 kJ/mol; −∆H(ice) = 30 kJ/mol [3]

# of observed Fl chains: PSI/FLNR – 3; TASCA – 8 
[1]  R. Eichler et. al. RCA 2010
[2]  A. Yakushev et al. Inorg. Chem. 2014
[3]  A. Yakushev et al., ChemPhysChem, submitted2
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Pb
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PSI/FLNR

TASCA@GSI

Результаты не опубликованы

Слайд предоставлен 
А.Б. Якушевым (TASCA, GSI)

+6 цепочек распада 
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• Эксперименты поставлены на самом высоком уровне. 
• Наблюдаемая летучесть и адсорбция Cn на золоте в хорошем согласии как с 

предсказаниями, так и термодинамическими зависимостями в 12 группе, моделью 
адсорбции и расчетами.

• В серии экспериментов PSI/ЛЯР высокая летучесть Fl и физисорбция на золоте могут 
быть интерпретированы, как наблюдаемое впервые сильное влияние РЭ на свойства 
СТЭ и отклонение свойств Fl от групповых свойств. Однако малое число 
зарегистрированных атомов, условия экспериментов и фоновые условия определяют 
высокие погрешности определенных величин.

• Противоречивые результаты получены в экспериментах в GSI. 
Наблюдались две зоны осаждения Fl. Вывод авторов – высокая летучесть Fl, 

хемосорбция на золоте, металлические свойства.

Adsorption studies on Au:
Is Fl a noble gas or a volatile metal?
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+54 kJ/mol [1]

 2009 TASCA@ GSI    −∆H(Au) > 48 kJ/mol [2]
 2014-2015 TASCA@GSI −∆H(Au) > 60 kJ/mol; −∆H(ice) = 30 kJ/mol [3]

# of observed Fl chains: PSI/FLNR – 3; TASCA – 8 
[1]  R. Eichler et. al. RCA 2010
[2]  A. Yakushev et al. Inorg. Chem. 2014
[3]  A. Yakushev et al., ChemPhysChem, submitted2
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The standard adsorption model
failed to describe experimental 
results for a single Fl species
formation of a Fl compound?

Indication that Fl is volatile and the most 
inert metal, but still chemically reactive

In either scenario – chemisorption on an inhomogeneous Au 
surface or compound formation – Fl atoms form a chemical bond 

Activated chemisorption
Example:
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Причины разброса данных

• В хроматографии осаждение элемента в двух зонах происходит по причине 
образования двух химических форм.

В обоих эксперимента есть условия образования оксидов Fl: горячие атомы, вода, 
кислород, разная постановка эксперимента. Стабильность оксидов? Адсорбция на 
кварце? Адсорбция или разложение в установке.

• Интерпретация данных: 
Условия для размытия хроматографического пика: 

⎻ изменение (загрязнение) поверхности золота (не контролировалась на 
TASCA); уникальные свойства Fl: модель «активированной адсорбции»; 

⎻ новые экспериментальные условия – ядра отдачи после сепаратора, 
влияние примеси, впервые не добавляется носитель или реагирующий 
макрокомпонент, высокая скорость газа-носителя, неравновесные 
условия;

⎻ моделирование хроматографического пика: низкая статистика, модель и 
др.

• Детектирование: высокий фон.
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20 июня -7 июля 2022:
«первый» химический эксперимент на Фабрике СТЭ

Общая схема ГХ экспериментов на установке Криодетектор
после сепаратора ГРАНД

144Sm(40Ar,xn)184-xHg

• Химия Fl – cамая актуальная проблема в химии СТЭ
• Фабрика СТЭ – новые эксперименты с высокой статистикой и низким фоном
• Теория – стабильность оксидов и образование в газе
• Образование оксидов – эксперименты с целью получения/разложения HgO и CnO –

первый эксперимент на Фабрике
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S.N. Dmitriev et al., Mendel. Comm., 24, 253 (2014)

N.V. Aksenov et al., Eur. Phys. J. A (2017) 53: 158

adsorption 
on gold

Gas flow control

70% He + 30% Ar
1,5 l/min 
Transport time 1.5 s

Gas 
Purification system

Dew point -65°C

60 mm

grid−Ti foil−grid−target−Ti foil
4mkm 2 mkm

Quartz insert

243Am

Target
1.5 mg/cm2

Quartz filter
600°C

Isothermal
detector

Gradient detector

The integral flux of 48Ca ions 
on targets was 8E18

First experimental results of a chemical investigation of 
element 113 independently confirm the synthesis of the new 
elements 115 and 113

Indicate a chemical behaviour resembling a species with a 
high volatility, a weak interaction with inert surfaces and an 
enhanced reactivity towards gold surfaces

Gas Chromatography behind a pre-separator under ultrapure 
gas conditions showed zero events from 5 expected at low 
efficiency

Is element 113 a volatile?

Н.В. Аксенов@Совещание по физике ТИ, 06.07.2022


