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Summary. We summarize historical perspective of the
transuranium elements, neptunium (Np) through lawrencium
(Lr), and recent progress on production, and nuclear and
chemical properties of these elements. Exotic decay proper-
ties of heavy nuclei are also introduced. Chemical properties
of transuranium elements in aqueous and solid states are
summarized based on the actinide concept.

1. Introduction

Presently, we know more than 20 artificial elements beyond
uranium as shown in Fig. 1. The history of the discovery of
these elements is a fascinating story that has been described
in the articles [1-3]. According to the actinide concept of
Seaborg [4], the 5 f electron series ends with element 103,
lawrencium (Lr), and a new 6d electron transition series
is expected to begin with element 104, rutherfordium (Rf).
The elements with Z > 104 are called transactinide elem-
ents. The currently known transactinide elements, elements
104 through 112, are placed in the periodic table under
their respective lighter homologues in the 5d electron series,
hafnium (Hf) to mercury (Hg). Elements from 113 to 118
synthesized would be in the successive 7p electron series,
although the discoveries of elements with Z > 113 are still
waiting to be confirmed. Searching for and producing new
elements are very challenging subjects in advanced nuclear
and radiochemistry. How many chemical elements may be
synthesized on earth? How can they be produced?

How long can they survive? Which properties do deter-
mine their stability? What are their chemical and physical
properties? And how are the orbital electron configurations
affected in the strong electric field of heavy atoms? These
are the most fundamental questions in science.

In the present review, we summarize the historical per-
spective of the transuranium elements, neptunium (Np)
through lawrencium (Lr), and recent progress on production,
and nuclear and chemical properties of these elements. Most
part of this article is based on the modification of the previ-
ous review article [5]. The more comprehensive reviews on
transuranium elements are published in [1, 2].

* Author for correspondence
(E-mail: nagame.yuichiro@jaea.go.jp).

2. Brief history of discovery
of the transuranium elements

The discovery of transuranium elements with Z =93 to
103 is summarized in Table 1. The names and symbols
from element 101 through 103 were approved in 1992 by
IUPAC (International Union of Pure and Applied Chem-
istry) based on the report of the Transfermium Working
Group (TWG) [6] which consisted of scientists appointed
by both IUPAP (International Union of Pure and Applied
Physics) and IUPAC.

At the beginning, there were at least two difficulties in
the discovery of transuranium elements; the first one was
the chemical behavior of these elements. Before Seaborg’s
proposal of the actinide concept [4], it was believed that tho-
rium (Th), protactinium (Pa), uranium (U), neptunium (Np),
plutonium (Pu) and the next elements 95 and 96 should
be placed as the heavier members of groups 4 through 10.
Based on the actinide concept, however, it was expected that
the new series should start with actinium (Ac) as a prototype
and end with the filling of the 5 f electron shell at elem-
ent 103, and that the heavier actinides would be trivalent
homologues of the lanthanide series in which 4 f orbitals
were being filled. The second difficulty was the method of
identification of transuranium nuclides produced in nuclear
reactions. A nuclide to be identified had to be isolated be-
fore it decayed from large quantities of impurities, especially
from fission products.

In the following, the discovery of each transuranium
element is briefly summarized.

2.1 Neptunium (Np)

The first man-made transuranium element, neptunium (Np),
was discovered by McMillan and Abelson [7] while study-
ing the neutron-induced fission of uranium (U). The reaction
used in the synthesis was

B850 (n, )*U LN Np AN (1
23 min 23d

For separating fission products from the neutron capture
ones, a recoil technique was employed; fission products
recoiling out of the target foil with high kinetic energies
were removed from the target, and the non-recoiling neu-
tron capture products together with the target material were
subjected to chemical separations. It was found that in the
presence of the reducing agent, sulfur dioxide SO,, the 2.3-d
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93 Neptunium Np 1940 28U (n, p*U — *Np(2.3d)
94 Plutonium Pu 1940-1941 28U (d, 2n)?¥Np — >3Pu(87.7y)
95 Americium Am 1944-1945 2Pu(n, y)*Pu(n, y)*'Pu — > Am (433 y)
96 Curium Cm 1944 2¥Pu(a, n)**Cm (163 d)
97 Berkelium Bk 1949 2 Am (o, 2n)**Bk (4.5 h)
98 Californium Cf 1950 22Cm (a, n)**Cf (44 min)
99 Einsteinium Es 1952 Thermonuclear explosion, **Es (20 d)
100 Fermium Fm 1952 Thermonuclear explosion, **Fm (22 h)
101 Mendelevium Md 1955 33Es (a0, n)*°Md (1.3 h) .
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half-life species produced in the growth from the 23-min U
was quantitatively precipitated as a fluoride complex. This
behavior chemically distinguished the products from U.

The later chemical study showed that Np was oxidized to
the pentavalent state with the oxidizing agent, bromate ion
BrO;7; it resembled uranium, not rhenium (Re), contrary to
the expectation from the periodic table at that time. The re-
sult was the first evidence that an inner electron shell, the 5 f
shell, is filled in the transuranium elements. The isotope of
Np with the longest half-life (7}, = 2.14 x 10°y) is *’Np,
the mother nuclide of the neptunium decay series produced
in nuclear reactors. Neptunium was named after the planet
Neptune, the next planet beyond Uranus.

2.2 Plutonium (Pu)

Plutonium (Pu), the second transuranium element, was dis-
covered by Seaborg et al. [8]. The first isotope of Pu was
synthesized by using the 60 inch cyclotron at the University
of California, Berkeley in the deuteron bombardment of U,

=
—
87.7y

238U(d, 2n)238Np % 238Pu (2)

The «-emitting product was identified as a new element
from the study of chemical behavior of this isotope. It was

distinctly different from both U and Np in its redox proper-
ties; the 34+ and 4+ valence states were more stable. A sec-
ond isotope of element 94, **Pu, with T}, = 24000y was
synthesized very shortly thereafter as a daughter of the g~
decay of #*Np, which confirmed the presence of element 94.
The isotope >*Pu produced in appreciable amounts in nu-
clear reactors is of major importance, because of its large
fission cross section with thermal neutrons. It was named
after the planet Pluto in analogy to U and Np.

2.3 Americium (Am) and curium (Cm)

Element 95, americium (Am), and element 96, curium (Cm)
were synthesized by Seaborg ef al. and Ghiorso et al. as fol-
lows [1,9].

I
239Pu(l’l, '}/)240Pu(n, J/)2411:)11 BN 241Am _D’) ,
433y

3)

39 @ 3
Pu(a, n)**Cm — **Pu,
163 d

The isotope **Cm was identified by observing the known
isotope **Pu as the a-decay daughter of the new isotope,
while 2! Am was produced through the successive neutron
capture reactions in >*°Pu.
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The elements Am and Cm are quite similar to the rare
earth elements in their chemical properties; a stable oxida-
tion state is 34. It was too difficult for the discovery team
to chemically isolate the two elements from each other and
from rare earth fission products. For their chemical sepa-
ration, the development of an ion-exchange technique was
required which also made feasible the separation and iden-
tification of subsequent transuranium elements. Element 95,
americium, was named after the Americas in analogy with
the naming of its rare earth homologue, europium (Eu), and
curium was named after Marie and Pierre Curie in anal-
ogy with the naming of its homologue, gadolinium (Gd),
that was named after the Finnish rare earth chemist Johann
Gadolin.

2.4 Berkelium (BK) and californium (Cf)

The element with the atomic number 97, berkelium (Bk),
was produced in irradiation of milligram amounts of **! Am
with « particles at Berkeley [10]:

2 Am(a, 2n)* Bk =% 4)
45h

To identify the new isotope, a rapid cation-exchange sepa-
ration technique using ammonium citrate as an eluant was
employed. Early experiments indicated that element 97 had
two oxidation states 34 and 44-. The actinide concept pro-
vided the guidance to search for these two oxidation states,
by analogy with the homologue element, terbium (Tb). The
chemically separated samples were subjected to the meas-
urement of radiation. Characteristic Cm X-rays associated
with the electron capture (EC) decay and low intensity o
particles with T, =4.5h were detected. Berkelium was
named after the city of Berkeley, California where it was
discovered, just as the name terbium derived from Ytterby,
Sweden.

Californium (Cf) was synthesized in 1950 by irradiation
of a few micrograms of **Cm with « particles:

22Cm (a, n)*Cf 44—53 (5)
The identification of element 98 was accomplished with
a total of only 5000 atoms [11]. The ion-exchange tech-
niques were also used in the separation and identification of
Cf. Element 98 was eluted in the expected fraction, and the
observed half-life and «-particle energy of the radioactivity
were also in agreement with predictions. It was named after
the state of its discovery.

The last four actinides (Am, Cm, Bk and Cf) have 3+ as
their most stable valence state in solution, just as the rare
earth elements. The similarity in solution has been com-
monly used for identification of a particular actinide.

2.5 Einsteinium (Es) and fermium (Fm)

Einsteinium (Es) and fermium (Fm) were identified in 1952
in the radioactive debris from the ‘Mike’ thermonuclear ex-
plosion that took place in the Pacific. Ion-exchange sep-
aration was applied, and the new elements, Es and Fm,
were isolated by processing larger amounts of the radioac-
tive coral material [12]. Chemical identification was made

by ion-exchange separations, while isotopic assignments
were made as the result of the corresponding decay se-
quences: *3Cf — 299 and 2399 — #°100. A 20-d radioac-
tivity emitting « particles of 6.6 MeV was identified as >°Es
and a 7.1-MeV « activity with T}, =22 h was identified as
»Fm. The elements Es and Fm were named in honor of Al-
bert Einstein and Enrico Fermi, respectively. These discov-
eries confirmed that 2**U can suffer as many as 17 successive
neutron captures and subsequent 8~ decays.

2.6 Mendelevium (Md)

Mendelevium (Md) was produced in 1955 by irradiation of
»3Eg with « particles [13]. The number of atoms of elem-
ent 101, Ny, expected to be produced was calculated as:
Nyoi = Ngyp,0t ~ 1 atom under the experimental conditions
characterized by the following parameters. The number of
the *PEs target atoms was Ng, ~ 10° (~ 4 x 107" g), the
flux density of « particles was ¢, ~ 10'* particless~', the
cross section was o &~ 1 mb (= 10%’ cm?), and the irradi-
ation time was t ~ 10*s. The Es target was prepared by
electrodeposition on a thin gold foil. To detect these single
atoms produced in 10*s, the recoil technique was applied.
The produced element 101, recoiling through a vacuum due
to the momentum of the impinging « particles, could be
caught on a catcher foil. After irradiation, the catcher foil
containing recoiling Md atoms was subjected to chemical
separation by the cation-exchange resin Dowex-50 with an
eluant of ammonium «-hydroxy isobutyrate («-HIB). Spon-
taneous fission (SF) events with a half-life of 3.5h were
observed in the fractions corresponding to elements 100 and
101. At that time, it was assumed that the isotope >*°101 was
produced in the **Es(«, n) reaction that decayed by EC with
a half-life of the order of half an hour to *°Fm, and that
**Fm then decayed by spontaneous fission (SF) with a half-
life of about 3.2 h. In fact, another experiment confirmed the
SF decay of *°Fm.

Only 17 atoms of Md were detected by their EC de-
cay into the spontaneously fissioning nuclide *Fm that is
presently known to have the half-life of 2.6 h:

EC SF

PEs (o0, n)**Md — **Fm — (6)
13 h

26h

The name mendelevium was suggested for the element, in
honor of the Russian chemist, Dmitri Mendeleev.

2.7 Nobelium (No) and lawrencium (Lr)

The first report of the discovery of element 102 came
from the Nobel Institute, Stockholm, Sweden. The research
group used the reaction of **Cm + *C in which they found
a new « emitter with a half-life of about 10 min. Experi-
ments neither at Berkeley nor at the Kurchatov Institute
in Moscow, however, confirmed the above result. In 1958
Ghiorso et al. [14] announced the positive identification of
»*No that was supposedly produced in the following reac-
tion by use of the double recoil technique:

o
#Cm(’C, 4n)**No — *Fm — 7
T12~3 s 30 min
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The nuclide *°Fm, the daughter of the new element, was
collected using the recoil technique, one atom at a time, and
identified as Fm by their position in the cation-exchange
elution curve. A half-life of ~ 3 s was assigned to »*No at
that time. It is now known that, however, the 3-s radioac-
tivity was ***No produced in the **Cm('*C, 4n) reaction;
the used target contained 20 times more **Cm than ***Cm.
»*No is now known to have a 55-s half-life. The errors in
this experiment indicate the difficulty associated with one-
atom-at-a-time studies. In subsequent chemical experiments,
it was found that the most stable oxidation state of elem-
ent 102 in solution was 2+ [15]. The element was named
nobelium after Alfred Nobel.

The first identification of an isotope of element 103
was conducted by the Berkeley group in 1961 [16]. The
californium isotopes, ****0-31-32Cf were bombarded with
boron beams:

925025122 Cp (011G ) 258] ()
43s

Reaction products recoiling from the target were caught by
a long metallized Mylar tape which was moved to a series of
a-particle detectors. A new «-emitting nuclide with « energy
of 8.6 MeV and a half-life of ~4s was assigned to *'Lr.
Later experiments, however, indicated this radioactivity was
due to *Lr. Subsequent identification of element 103 was
made by the Russian group in 1965 using the double recoil
technique [17].

Lr is the first actinide that was identified through a purely
instrumental method, because the half-life of the isotope was

too short to allow any chemistry. Silva et al. later conducted,
however, the ion-exchange experiments of *Lr (7, =
~ 30s) and confirmed that Lr exhibits a stable 3+ state in
solution [18], as expected by the actinide concept. Lawren-
cium was named after Ernest O. Lawrence, the inventor of
the cyclotron.

3. Production of transuranium nuclides

There are two kinds of methods for production of transura-
nium elements as indicated in the previous section: neutron
capture reactions in nuclear reactors and charged-particle-
induced reactions at accelerators.

3.1 Neutron capture reactions

The method is based on the concept that absorption of neu-
trons by nuclides with the atomic number Z leads to forma-
tion of neutron-rich nuclides that transmutate by - decay
into nuclides with the atomic number Z + 1.

Four of the transuranium elements (Np, Am, Es, and
Fm) were first produced using neutron capture reactions.
In Fig. 2, the neutron capture paths used for production of
transuranium nuclides in nuclear reactors are shown. Start-
ing with >*U, the main path goes to **°Pu that undergoes
multiple neutron captures to **Pu. The nuclide **Pu decays
to 2** Am that successively undergoes captures and decays to
2Cm. Then **Cm can undergo multiple neutron captures to
yield the Cm isotopes up to ***Cm followed by subsequent
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captures and decays to Bk, *°Bk, *°Cf, **Cf and finally
to 2’Fm. The chain ends at the 380-ps SF of »*Fm.

3.2 Charged-particle-induced reactions

Compound nucleus reactions involving light incident charg-
ed particles were used for the first production of the transura-
nium elements Pu, Cm, Bk, Cf, and Md. For the production
of transuranium nuclei far from the stability-line, however,
the emphasis has shifted from using light charged-particle-
induced reactions to using heavy-ion-induced reactions. Re-
cent developments in accelerator technology have made pos-
sible the use of high intensity heavy-ion beams as massive as
238U.

Successful production of fissioning nuclei, such as
transuranium nuclides in nuclear reactions, depends mainly
on two factors: fusion cross section, Ojon, and survival
probability, Pyivas

aproduclion = Ofusion X P, survival « (9)

The first term is the yield of compound nucleus formation or
the fusion cross section used in the heavy-ion reaction, while
the second term is the survival probability of the produced
transuranium nucleus in the process of de-excitation. Fusion
cross section can be approximated by the equation

Ifusion

Otuion = TA” Y (2 + )T, Pey (10)

=0

where A is the de Broglie wave length of the incident par-
ticle, [ is the orbital angular momentum and 7; indicates the
transmission coefficient of the wave. Pcy is the probabil-
ity of the compound nucleus formation. In the de-excitation
process of transuranium nuclei, competition between the
particle emission (mainly neutron) and fission that destroys
transuranium nuclei, I/}, should be taken into account,
where I, and [} denote decay widths for neutron emission
and fission, respectively. The survival probability Py de-
pends mainly on I,/ as,

X 1—:1 X
Psurvival ~ 1_[1':1 (Ff) ~ 1_[1':1 eXp [(Bt - Bl'l)/T]l (1 1)

where B; and B, are fission barrier and neutron separation
energy of the compound nucleus, respectively, T is the nu-
clear temperature, and x is the number of emitted neutrons.
The systematically decreasing trend of the production cross
section of heavy nuclei with increasing Z is given in [3, 19]
and also in the contributions by Hofmann and Oganessian of
this issue.

In the production of heavy nuclei with heavy ions, addi-
tional factors that enhance or decrease the yields of transura-
nium products should be considered. They are fusion en-
hancement at sub-barrier energy and dynamical hindrance to
fusion. The dynamical hindrance caused by the Coulomb re-
pulsion between two fusing nuclei in heavy nuclear systems
brings up a serious problem for heavy element production.
Experimental data and recent interpretation of the dynami-
cal fusion hindrance are summarized in the review article by
Armbruster [20]. The anomalous sub-barrier fusion of two
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Fig. 3. Production cross sections of transuranium nuclides in the reac-
tions Z*U +2*U and U + ®*Xe [22].

massive nuclei is the phenomenon that is several orders of
magnitude larger than expected from the quantum tunneling
through the interaction barrier. Various theoretical attempts
have been made to understand the causes of this enhance-
ment of fusion, such as static deformation of colliding nu-
clei, neck formation during fusion, vibrational excitation of
nuclear surfaces, and nuclear structure effects. The detailed
description of the sub-barrier fusion appears in the review by
Reisdorf [21].

Neutron-rich nuclides are inaccessible via the compound
nuclear reaction. To produce neutron-rich transuranium nu-
clides, heavy-ion-induced transfer reactions of actinide tar-
gets ranging from U to **Es with a variety of incident
particles ranging from 'O to ***U have been studied. A typ-
ical example of such attempts was the study of the U +
28U reaction at GSI (GSI Helmholtzzentrum fiir Schwer-
ionenforschung, Darmstadt). In Fig. 3, the production yields
of transuranium isotopes for the reaction of 7.5 MeV /u-*¥U
ions with thick >**U targets are shown [22]. The yield dis-
tributions of the heavy actinides were found to show simi-
lar bell-shaped variations with the atomic number Z and
mass number A as observed in the **®U + *Xe reaction.
The yields of each isotope in the #*U 4 ***U reaction, how-
ever, are much larger than those observed in the 28U + '*Xe
reaction. Schédel ef al. also measured the yields of heavy
actinides in the reaction of **U with *®Cm and the results
showed that the shapes and centroids of the isotopic distribu-
tions are similar in all cases but the magnitudes of the yields
are the greatest in the ***Cm + >*3U reaction [23].

Interesting results were reported for the bombardments of
#8Cm with the *°Ca, *Ca, and **Ca projectiles. Production
yields for elements through Fm are shown in Fig. 4a [24].
Considerable difference is observed in the yields of the



382

Y. Nagame and M. Hirata

10°
n 4BCa
40,
104 |= I
A 40Ca
) o
210
c
.o
S
[4]
L]
%)
a 102 = J -
o
&)
10" = "
100 ] 1 1 1 1 1 1 L 1
84 86 88 90 92 94 96 98 100 102 104
@ Proton number Z
T T T T T T T T T
105 E 4
104 K v |
2 el ]
= 10
i L 1
.o < b
- -
® 102 ]
wn 10 E_‘ ' ¥ |
] L 3
w ~ pe
o - i
O 10 E q
100 !-' E
10l @ u-23 ]
E O u-235 E|
F A U-238 3
102 |-
L [ L '] 1 L L '] L
86 88 90 92 94 96 98 100 102
® Proton number Z
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28Cm [24] and (b) those for the “Ar 4 233233281 reactions [25].

below-target elements with the highest yields observed for
*Ca, while for the above-target elements the lowest yields
were observed for the **Ca projectile. The most neutron-
rich nuclides in the isotopic yield distribution were observed
for the reactions with **Ca. The reactions of “’Ar with **U,
U, and U were studied at the energy of the Coulomb
barrier [25]. Contrary to the above ***Cm + Ca reactions, the
element yields below uranium are the same within the limits
of errors for the three target nuclides, while the yields of the
above-target elements are in the order of **U, ?U and **U
as shown in Fig. 4b.

Neutron-rich isotopes of heavier actinides such as ***No
and *"?%Lr, were produced through transfer reactions by
bombardments of highly radioactive **Es (7}, = 275.7 d)
targets with heavy ions [26]. Most recently, it is suggested

that the nuclear shell structure may strongly influence the
nucleon flow in the low-energy reactions with heavy ions.
The production of neutron-rich heavy nuclei in the multi-
nucleon transfer processes of low-energy heavy-ion colli-
sions that are based on the dynamical multi-dimensional
Langevin equation has been proposed by Zagrebaev and
Greiner [27].

3.3 Experimental techniques for identification
of short-lived transuranium nuclei

In the study of the mechanism of heavy-ion reaction result-
ing in transuranium products and for investigating nuclear
properties of transuranium nuclei, it is of great importance
to isolate and uniquely identify the products by their atomic
number Z, mass number A and production cross sections.
The claim for the discovery of a new element must present
a clear evidence for unequivocal identification of Z, while
that of a new isotope has to be made with the determination
of both Z and A.

A review of the experimental techniques is given in sev-
eral articles [28—30]. A comparison of characteristics, such
as separation time and total efficiency, of various methods
generally used for isolating and identifying transuranium re-
action products is presented in Table 2. In the following,
some typical techniques used for the study of transuranium
nuclei are briefly introduced.

For studying fission properties such as mass-yield and
total kinetic energy (TKE) distributions of very short-lived
spontaneous fission (SF) isotopes, the SWAMI (spinning-
wheel analyzer for millisecond isotopes) apparatus was con-
structed [31]. A portion of the recoil products emerging
from the target is stopped in 100 g/cm? Al foils in contin-
uous band on the rotating disk. These foils rotate between
four pairs of detectors that measure the energy deposited by
correlated fission fragments when the product nuclei decay
by SE. For example, SF properties of 1.2-ms **No pro-
duced through the **Cm ("*C, 3n) reaction was studied with
SWAML.

A gas-jet transport method is conventionally used to
identify and study short-lived transuranium nuclei. Nuclei
recoiling out of a target are stopped in a volume of the
gas like He which is loaded with aerosols, such as KCI,
Pbl,, C clusters, and MoOj;. The products attached to the
aerosols are swept out of a target recoil chamber with the
He gas and are transported through a capillary to a detection

Table 2. Comparison of characteristics of experimental techniques for
isolating transuranium reaction products. Taken from [5].

Method Separation Total
time (s) efficiency (%)
Rotating wheel catcher 1073 60
Gas-jet transport 10! 50
Gas-jet coupled to rapid 10! 30-40
chemical separation
Gas-jet coupled to ISOL* 10° 1
Gas-filled separator 10-° 25-60
Velocity separator 10-° 20

a: ISOL: isotope separator on-line.
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system or other apparatuses. To search for new transura-
nium nuclides and to study decay properties of these nuclei,
a composite system consisting of the gas-jet transport ap-
paratus and an on-line isotope separator (JAEA-ISOL) has
been developed by Ichikawa et al. [32]. This system enables
us to simultaneously determine the mass number via the
isotope separator and the atomic number by the measure-
ment of X-rays associated with the EC/f decay of a nucleus.
The experimental set-up is schematically drawn in Fig. 5.
Targets are mounted in a multiple target system. Reaction
products recoiling from targets are thermalized in the He gas
loaded with Pbl, aerosol clusters. The products attached to
the aerosols are swept out of the target chamber and trans-
ported to the thermal ion source of ISOL through the gas-jet.
The transported nuclides are ionized, mass separated, and
collected on an aluminum coated Mylar tape in the tape
transport system or in the rotating catcher foil apparatus. The
new isotope *'Bk produced in the **Pu(°Li, 4n) reaction
was identified by the measurement of the characteristic Cm
X-rays associated with the EC decay of the nucleus sepa-
rated for mass number A = 241 [33].

The identification of new nuclides *****Np with the gas-
jet coupled to a rapid chemical separation method [34]
was conducted as follows. Chemical separation procedures
were used to isolate Np from other reaction products in
the 2Pu + '**Xe reaction. The method involved a series of
solvent extractions performed continuously with the cen-
trifuge system SISAK (Short-lived Isotopes Studied by the
AKUFVE Technique) as shown in Fig. 6; reaction prod-
ucts were transported with the argon (Ar) gas-jet system to
the chemistry laboratory. The transported products were dis-
solved in dilute HCI containing TiCl;, which reduced Np to
the 3+ oxidation state. The products of U, Th and several
fission products were extracted into di (2-ethyl-hexyl) or-
thophosphoric acid in CCl, (HDEHP/CCl,). The fraction of
Np was extracted in the second HDEHP/CCI, step after ox-
idation to the 44 state with HNOs, and was back-extracted
with phosphoric acid. Then the Np fraction was continu-
ously pumped through a Teflon tube to the front face of
a series of Ge y-ray detectors.

The new isotope **Md produced in the **Am("*C, 3n)
reaction was identified by using the Automated Chromato-
graphic Chemical Element Separator System, ACCESS, in

(Noble Gases)

To Ventilation 5%
HDEHP/CCI, 7% HDEHP/CCl,
Ar-jet u [
from Th N Np N
P P
e OIS0
Static
Mixer Degasser 15%
0.3% TiCl, 6N HNO, H,PO,

Delay
Loop

0.6M HCI 0.15M Oxalic Acid

0.04M Tartaric Acid  Reaction
0.04M Potassium- Products
hydrogentartrate

Ge-Detectors
Np

Fig. 6. Schematic diagram of the SISAK set-up used for the identifica-
tion of **>*Np [35].

which ammonium «-hydroxy isobutyrate («-HIB) was used
for the separation of Md [36].

As indicated in Table 2, for detection and identification of
isotopes with T}, < 1 ms, one has to employ in-flight sepa-
rators based on electromagnetic separation of reaction prod-
ucts. Currently working in-flight separators for studies of
transuranium nuclei are summarized in [5] and the detailed
description of the in-flight separators is given by Miinzen-
berg [37]. Part of in-flight techniques is also presented in
other articles in this issue.

In the region of heavy elements, y-ray spectroscopic
studies were restricted because of the severe background
arising from fission products. This problem was essentially
solved by the employment of the new Recoil Decay Tag-
ging (RDT) technique [38] that consists of an in-beam y-ray
apparatus and the recoil mass separator. The characteristic
decay modes offer a signature that a particular nuclide has
been produced, and can be efficiently detected by a focal
plane detector behind the in-glight separator. Prompt y rays
at the target are detected by large Ge detector arrays.

As typical examples, the gas-filled recoil separator RITU
(Recoil Ion Transport Unit) [39] and the recoil mass sepa-
rator FMA (Fragment Mass Analyzer) [40] in conjunction
with germanium (Ge) detector arrays have been used for
the study of the nuclear structure in the region of No iso-
topes [41,42]. RITU has been designed to separate nuclides
produced through compound nuclear reactions from beam
particles and other reaction products, especially fission prod-
ucts. To collect reaction products efficiently in the focal plane
of the separator, dilute gas was filled in a dipole magnet.

3.4 Exotic nuclear properties of heavy nuclei

Decay properties of transuranium nuclides lead to the un-
derstanding of proton excess heavy nuclei: verification of
the proton drip line, nuclear structure of large deformed nu-
clei such as octupole and hexadecapole deformation, and
fission barrier heights. Recent nuclear and decay properties
of nuclei in their ground — and isomeric — states are com-
piled and evaluated by Audi et al. [43], while the calculated
atomic mass excess and nuclear ground-state deformations
are tabulated by Moller et al. [44]. Calculated fission barriers
for heavy elements based on the macroscopic—microscopic
finite-range liquid drop model are presented in [45]. In the
following, exotic nuclear decay properties of heavy nuclei
are briefly introduced.
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3.4.1 Nuclear structure

As described in the previous sub-section, the spectroscopic
studies of the heaviest nuclei have been vigorously per-
formed with large y-ray detector arrays, Gammasphere [46],
Jurosphere and SARI (Segmented Array at RITU) ar-
rays [39], and the electron spectrometer SACRED (Solenoid
and Array for Conversion Electron Detection) [47] coupled
with the recoil separator. The recent experimental progress
of nuclear structure study of the heaviest nuclei is sum-
marized by Leino and Hefberger [48] and Herzberg [49],
while theoretical description is reviewed by Sobiczewski
and Pomorski [50]. As the details about the nuclear struc-
ture study are also given by Herzberg and Sobiczewski in
this issue, we briefly mention about some topics in the fol-
lowing; o—y and a—electron («—e) decay spectroscopy of the
neutron-rich nuclide *'No produced in the **Cm("*C, 4n)
reaction was carried out at JAEA using a rotating wheel
detection system coupled with the gas-jet and the gas-jet
transport coupled to ISOL. On the basis of the «- and
y-transition energies, a—y, a—e, and e—e coincidence re-
lations, the decay scheme of *’No was established [51].
Enhanced stability of heavy nuclei due to high-spin iso-
mers (K-isomers) is predicted [52]. The multi-quasi-particle
configurations with high K-isomeric states have been iden-
tified in **No [42]. In-beam y-ray spectroscopic studies
of neutron-rich transuranium nuclei, >****Pu and 2**»°Cm,
have been conducted through the unique nucleon trans-
fer reactions using the neutron-rich beams, such as *O.
The ground-state bands of these nuclei were successfully
established [53].

A high-precision mass measurement system with Pen-
ning traps, SHIPTRAP at GSI has been developed to inves-
tigate nuclear structure of rare isotopes far from stability.
The direct mass measurements of **~**No have been suc-
cessfully performed [54]. Spectroscopic studies of superde-
formed fission isomers have been reviewed by Bjornholm
and Lynn [55], while recent progress of spectroscopy in the
second and third minimum of the potential energy surface is
summarized by Thirolf and Habs [56]. Krasznahorkay et al.
succeeded to observe hyperdeformed rotational bands in ac-
tinide nuclei [57].

3.4.2 Cluster radioactivities

A charged particle heavier than an « particle but lighter than
a fission fragment, such as C, O, F, Ne, Mg and Si isotopes,
is spontaneously emitted in a cluster decay of a heavy nu-
cleus. The cluster decay was first predicted by Sandulescu
et al. [58] and experimentally discovered by Rose and Jones
in the decay: **Ra — "“C +2*Pb [59]. The probability for
the decay was ~ 107 of the a-decay probability. The data
obtained until now on half-lives and branching ratios relative
to o decay are summarized in review articles [5, 60, 61].

3.4.3 Delayed fission

Delayed fission is also an exotic nuclear decay process of
heavy nuclei that is observed subsequent to S/EC decay. In
the delayed fission process,  decays or EC of the parent
nuclide populate excited states of the daughter nucleus, and
if these states are of energies comparable to or greater than

the fission barrier of the daughter nucleus, then fission may
compete with other decay modes of the excited states. Re-
views give a detailed description of the delayed fission [62].

Delayed fission permits studies of fission properties of
nuclei far from stability and y de-excitation of nuclear lev-
els in the second minimum of the potential energy surface.
There has been also considerable theoretical interest in S-
delayed fission process because it may significantly affect
the final abundance of heavy elements produced in the as-
trophysical r-process and in other multiple neutron capture
processes taking place in very high neutron flux, such as
thermonuclear explosions [63]. The experimental data on
the delayed fission are summarized in [5].

3.4.4 Spontaneous fission

Spontaneous fission (SF) is observed only in elements with
Z > 90 where Coulomb forces make the nucleus unsta-
ble toward this mode of decay, although energetically SF
is an exothermic process for nuclei with A > 100. Nu-
merous reviews of SF properties, half-lives and proper-
ties of fission fragments, have been summarized by several
authors [64—66]. Some current topics concerning SF are pre-
sented in the following.

Schematic representations of all of the measured mass-
yield distributions (normalized to 200% fragment yield) for
SF of the trans-Bk isotopes are shown in Fig. 7 [66]. It is in-
teresting to observe rather sudden changes from asymmetric
to symmetric fission as reflected by the mass distributions
changing from asymmetric to symmetric mass distributions
as the neutron number increases toward N =~ 160 for the
elements Fm (Z = 100), No (Z = 102), and Rf (Z = 104).
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The other interesting feature in SF of very heavy ac-
tinides is bimodal fission. The existence of two distinctively
different scission configurations for the same mass division
was demonstrated in SF of the heavy actinides [31, 67]. The
most striking and significant features are that the mass-yield
distribution is essentially single-peaked around the symmet-
ric mass split, resulting in products with the mass number
A = 130, whereas the total kinetic energy (TKE) distribu-
tion apparently exhibits the structure with a shoulder that
strongly suggests the presence of at least two components
in the TKE distribution. As typical data, the TKE and mass-
yield distributions observed in SF of *°Md [68] are depicted
in Fig. 8a,b, respectively; two components are clearly seen in
the TKE distribution. The two-component analysis yielded
the fact that the high-TKE events mostly constitute the sharp
mass-yield curve around symmetry and the low-TKE ones
a broad flat-topped distribution. Some theoretical calcula-
tions to understand bimodal fission of heavy actinides have
been extensively performed, such as in [69, 70].

A sudden change of the mass distribution depending on
the neutron number of the fissioning nuclei was reported
by Wagemans et al. for SF of plutonium, »6-238:240.242.244pyy
[71-73]. The change of neutrons among the isotopes studied
yields a drastic change in the mass and TKE distributions.
An attempt was made to understand the phenomena in terms
of the model of multi-modal random neck rupture [74]. Re-
cent studies of SF of *>Cf with large y-ray detector arrays,
Gammasphere [46], revealed a new fission mode, cold fis-
sion with no neutron emission in the pair fragments of Zr-Ce
and Mo-Ba [75]. Cold ternary SF, as **Cf — 'Y“Ba +*°Sr +
9Be, has also been identified by measuring the various y-
transitions of these nuclei in coincidence [76]. The use of the

high resolution triple y-coincidence technique can provide
important information on very rare events in fission.

3.4.5 Two fission modes — symmetric and asymmetric
fission

The presence of two kinds of deformation paths in low en-
ergy fission of actinides has been verified by examining the
correlation among saddle-point configurations, scission con-
figurations and mass-yield distributions [77]. The first path
is initiated at higher threshold energy and ends with an elon-
gated scission configuration, giving a final mass yield curve
centered around symmetric mass division and lower TKE:
the symmetric fission path. In the second path, the fissioning
nucleus experiences lower threshold energy. This results in
a more compact scission configuration, which gives a dou-
ble humped mass-yield distribution always centered around
the heavy fragment mass number A = 140 with higher TKE:
the asymmetric fission path. The above picture is well repro-
duced by the theoretical calculation of the potential energy
surfaces by Moller et al. [78]; the saddle leading to the mass-
symmetric division is found to be a few MeV higher than that
to the mass-asymmetric division and the compact scission
configuration is related to the asymmetric fission and the
elongated one associated with the symmetric fission path.
The clear ridge separating the two symmetric and asymmet-
ric fission valleys is also pointed out. Systematic features of
the mass-yield and TKE distributions in both symmetric and
asymmetric fission depending on A and Z of fissioning nu-
clei are discussed in detail by Ohtsuki et al. [79] and Zhao
et al. [80]. The effects of A and Z on the relative probabil-
ity of taking either deformation path, and the characteristics
of the final mass division phenomena and scission properties
resulting from each deformation path have been extensively
studied.

Elemental yields of fission fragments in the Coulomb fis-
sion have been obtained for a number of neutron-deficient
actinides and preactinides by using the unique method, rela-
tivistic radioactive beams [81]. In Fig. 9a, the experimentally
measured mass distributions are shown on the chart of nu-
clides, while the elemental yield distributions after Coulomb
fission are depicted as functions of Z and N of the fission-
ing nuclei in Fig. 9b. The transition from a single-humped
mass-yield distribution at ?*' Ac to a double-humped one at
2% is clearly seen. In the transition region around **’Th,
triple-humped distributions appear, demonstrating compara-
ble yields for the symmetric and asymmetric fission modes.

4. Chemical properties of transuranium
elements

Seaborg proposed actinide concept as an extension of the
periodic table by placing a new series of transition metals
below the lanthanide series [4,82]. The actinide elements
are 5 f transition elements having partly filled f and d or-
bitals in the valence states.

4.1 Oxidation states and ionic radii

As shown in Fig. 10, the light actinide ions, Np, Pu and Am
can behave as 3+ to 7+ cations and the most stable oxi-
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dation states of these three elements are 5+, 4+, and 3+,
respectively [2]. Pentavalent and hexavalent actinide ions
form oxygenated actinyl ions AnO,* and AnO,**. The struc-
tural information of the actinyl ions are indispensable to
understand the chemical behavior of these ions, especially
for the separation chemistry, the modification of reprocess-
ing scheme, development of new extractants for actinide
separation and management of the waste containing these
actinides.
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Importance (stability) © >0 >4

are shown on the chart of nu-
clides [81].

Table 3 gives ionic radii of lanthanide and actinide elem-
ents [2]. Marcus publised the data book on the properties of
ions including actinides [83]. Ionic radii decreases with in-
creasing atomic number and this tendency is called actinide
contraction. The ionic radii are one of the useful information
to understand the behavior of actinide ions. Because of the
actinide contraction, the effective charge of heavy trivalent
actinide ions are relatively larger than those of the lighter
ones.

Es Fm Md No Lr
Fig.10. Oxidation states of ac-
tinide ions.
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Table 3. Ionic radii of lanthanide and actinide elements [1, 83, 84%, 85°].

Z Element  Ln*" (nm) Ln*" (nm) Z Element  An** (nm) An*" (nm)
57 La 0.1061 89 Ac 0.1119

58 Ce 0.1034 0.092 90 Th (0.108) 0.0972
59 Pr 0.1013 0.090 91 Pa (0.105) 0.0935
60 Nd 0.0995 92 U 0.1041 0.0918
61 Pm (0.0979) 93 Np 0.1017 0.0903
62 Sm 0.0964 94 Pu 0.0997 0.0887
63 Eu 0.0950 95 Am 0.0982 0.0878
64 Gd 0.0938 96 Cm 0.0970 0.0871
65 Tb 0.0923 0.084 97 Bk 0.0949 0.0860
66 Dy 0.0908 98 Cf 0.0934 0.0851
67 Ho 0.0894 99 Es 0.0925

68 Er 0.0881 100 Fm —

69 Tm 0.0869 101 Md 0.0896“

70 Yb 0.0858 102 No 0.0894°

71 Lu 0.0848 103 Lr 0.0882¢

4.2 Promotion energies of the actinide series

The 5f transition elements, actinides, have wider f or-
bital radial distribution compared with that of the 4 f tran-
sition elements, lanthanides. Since the chemical behavior of
elements is characterized by the configuration of valence
electrons, the 5 f and 6d states are the factors in determin-
ing their physical and chemical properties. The function of
these valence electrons can be changed by environment, for
example, pressure, temperature, and chemical interaction.
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Fig. 11. Promotion energies for f — d conversion in the lanthanides
and actinides series.

Fig. 11 shows f — d promotion energies for lanthanides
and actinides [86]. The f — d promotion energy means
required energy to excite an f electron to a d orbital. To
discuss the physical and chemical properties of actinides,
f — d promotion energy must be fundamental information
to grasp the 5f electron contribution to the chemical in-
teraction. In Fig. 11, the energy difference between Ln(An)
f"ds* and f"~'ds” indicates the stability of the Ln(An)**
to Ln(An)** states. The energy difference plots of Ln(An)
f"1s* — f"ds® also indicates the relative stability of the
Ln(An)** states to the Ln(An)** states.

The Ln f"ds* — f"'d*s* energies for lanthanides are
higher than those of the actinide series, therefore the Ln**
state is more stable than the Ln*" states. The f"*'s*> — f"ds*
promotion energies of the lighter lanthanides are higher than
those of the actinides, while for the heavier lanthanides
(from Gd to Yb), the promotion energies are smaller than
those of the actinides. The promotion energy of 5f — 6d
for the lighter actinides is relatively smaller than that of
4 f — 5d of the lanthanides. This means that the 5 f elec-
trons of lighter actinides are more chemically active than the
corresponding 4 f electrons in the lanthanides. The trivalent
state becomes more stable above americium in acidic solu-
tion like corresponding lanthanides. One of the interesting
elements in the heavy actinides is nobelium (No), Z = 102,
because the divalent state is stable in acidic condition.

Generally, we can sort out the actinides into two groups
for descriptive purposes. Group 1 is the lighter actinides
from Th to Cm which are of interest for nuclear industrial
application and the other heavier actinides group is of inter-
est for basic science of heavy elements. Th, U, and Pu are for
nuclear fuels and Np, Am, and Cm are treated as radiotoxic
long-lived minor actinides (MA).

As there are several review papers and books on the
chemistry of transuranium elements [1,2,5], we briefly
summarize recent advances in chemistry of these transura-
nium elements in this section.

4.3 Solution and separation chemistry
of transuranium elements

In an acidic condition, actinide ions from Am to Lr take 3+
as the most stable oxidation state and they behave like the
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eluent.

lanthanide ions, except for No which seems to prefer the 2+
state. Fig. 12 shows elution curves for lanthanide and ac-
tinide ions from a cation-exchange column. The elements
above fermium must be produced in accelerators and are
available in quantities of several atoms at a time. The fre-
quent chemical identification of heavy actinide ions was car-
ried out by eluting the ions from cation exchange columns.
The elution pattern of lanthanide ions made it possible to
predict the expected elution position for new trivalent ac-
tinide ions, because the ionic radii of trivalent actinide ions
decrease with increasing the atomic number. Briichle et al.
estimated ionic radii of Md*" and Lr** on the basis of cation-
exchange chromatography and additionally they calculated
the hydration enthalpies of these actinide ions by using the
Born—Haber cycle [87].

One of the interesting subjects of heavy actinides is
the chemistry of the No ion. The electron configuration of
No is [Rn]5f'*7s%. Because of the strong stability of the
5f'" closed shell, No behaves as the 2+ ion in solution.
Toyoshima et al. [88] applied the electrochemical technique
to oxidize No*™ to No** and succeeded to estimate the for-
mal redox potential of [No*™ + e~ 2 No*"] to be 0.75 V.

4.3.1 Structural chemistry of actinide ions

A XAFS (X-ray absorption fine structure) technique is
widely applied to the solution chemistry of actinides that is
generally divided into the two techniques: XANES (X-ray
absorption near edge structure) and EXAFS (Extended X-
ray absorption fine structure). XANES is associated with the

excitation process of a core electron to bound and quasi-
bound states. Meanwhile, EXAFS is an oscillatory structure
observed over the wide energy range just above the XANES
region.

Antonio et al. [89] studied Np redox properties by an in-
situ EXAFS and performed density functional theory (DFT)
calculations. They reported structural change of coordinated
oxygen to Np for the Np*™/Np** and NpO,*"/NpO,™ cou-
ples and confirmed the hydration of NpO,™ and NpO,** is
the same with 5 equatorial water molecules. Kitatuji ez al. in-
vestigated redox behavior of Np ions by controlled potential
electrolysis and voltammetry techniques [90]. They deter-
mined the electrochemical reduction mechanism of NpO,*
to Np*t or Np**. Ikeda and Hennig et al. [91] carried out
EXAFS study of Np in perchlorate and nitrate solution at
European Synchrotron Radiation Facility (ESRF) in combi-
nation with cyclic voltammetry. The electrochemical reac-
tion of the NpO,*" /NpO, ™ couple involves the extension of
interatomic distance between Np and the coordinated atoms,
resulting from the net charge decrease of the Np atom. The
XAFS study of complex formation of neptunyl acetates is
also reported by Takao ef al. [92]. They measured stability
constants of several NpO,™ acetate complexes by UV-vis-
NIR titration and determined the coordination structure of
acetates to the NpO,™.

Structural chemistry of Pu solution is widely investigated
by Conradson and his colleagues [93]. More than 60 Pu L;
X-ray absorption spectra are reported for hydrates, nitrates,
chlorides, and other compounds. Their article is a useful
database to find the XANES structure of various oxidation
states of the Pu ions.

The sorption behavior of Am** onto 6-line-ferrihydrite
was studied using EXAFS at the ESRF by Stumpf e al. [94].
They obtained EXAFS signals both at pH 5.5 and at pH 8.0
and well explained the difference of sorption behavior of
Am** by changing the pH value. Denecke et al. [95] in-
vestigated coordination structure of Cm?** and Eu*™ with
the N-donor ligand, the 2,6-di(5,6-dipropyl-1,2,4-triazin-3-
yl) pyridine (BTP) ligand using EXAFS, time-resolved laser
fluorescence spectroscopy (TRFLS), and quantum chemical
calculations. The BTP ligand is one of the promising ex-
tractants for these trivalent MA separations from the lan-
thanides, so that this kind of research is a key issue to under-
stand the chemical bonding of Cm** with the ligands.

Hydration structure of trivalent californium (Cf*") is re-
ported by Galbis ef al. [96] for the first time using the
EXAFS method and theoretical evaluation by the DFT
method. They conducted the experiments using a limited
amount of **Cf with the half-life of 351y. Apostolidis
et al. [97] also reported structures of An(H,0)s(CF;S05);
of U—Cm and Cf with UV /Vis/NIR spectroscopy, crystal-
lography and theoretical DFT calculations. They compared
An—O distances with experiments and several levels of DFT
calculations and additionally they predicted the hydration
structure of Bk.

The XAFS research is, in many cases, conducted coupled
with computational techniques, molecular dynamics simula-
tions, or DFT calculations, because EXAFS information is
only limited to the one dimensional distance and the deter-
mination of coordination number includes uncertainties of
20% [98]. For this reason, computer simulations are helpful
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to compensate the experimental uncertainties. Denecke re-
viewed the XAFS application to the actinide speciation that
is available to figure out the actinide structural chemistry by
the X-ray absorption technique [99]. Computational studies
of the actinide solution chemistry are mainly carried out by
the application of Gaussian program package [100] with the
Effective core potential for the actinides and the Amsterdam
Density Functional (ADF) program package [101] with ze-
roth order relativistic approximation (ZORA) Hamiltonian
for Scalar relativistic calculations. Shamov and Schrecken-
bach [102] applied the small-core potentials formalism to
the hydration structure studies of actinide complexes, and
Hay et al. [103] reported the structure of [AnO,(OH,)s]"",
(An =U, Np, or Pu, n = 1 or 2) and the stability analysis of
neptunium (VII) in alkaline solutions, [NpO,(OH),]'~ and
[NpO4(OH),]*".

4.3.2 Separation chemistry of actinide ions

According to the Pearson’s HSAB (Hard Soft Acid Base)
theory [104], oxygen is considered to be a typical hard
donor, whereas nitrogen and sulfur are softer than oxygen.
The HSAB theory is available for the computational design
for the extractant molecule of MA separation because the
information related to HSAB strongly related to the energy
levels of HOMO of the donor atoms of ligands and LUMO
of the cations.

Oxygen donor extractants

In 1980’s, Horwitz et al. [105, 106] created a boom of MA
separation research with subsequent development of P=0
based extractants, CMP (R;R,-N,N-di(R") carbamoylmethyl
phosphonate) and CMPO (R,R,-N,N.-di(R")-carbamoy]l-
methyl phosphine oxide). In the CMPO system, Am is pref-
erentially extracted with thiocyanate as a counter ion and
the separation factor (S.F.) (Am**/Eu’*") is about 7 [107].
They proposed the TRUEX (Trans Uranium Extraction) pro-
cess for the TRU extraction separation scheme by using the
CMPO compounds. In this process, CMPO extracts triva-
lent actinide ions from the waste solution from the PUREX
process, while the stripping process is practically difficult
because of its higher coordinating ability.

Sasaki et al. investigated the separation scheme by
using newly developed C=0O donor extractant TODGA
(N,N,N’,N'-tetraoctyl diglycoleamide) (see Fig. 13) for the
trivalent actinides recovery from a raffinate solution of
PUREX reprocessing waste [108, 109].

C8H17\ B /CHZO/CH\Z

CgHy7' 0

~N
O// CSH17
Fig. 13. Structure of TODGA molecule.

CF,
Fig. 14. Structure of bis(o-trifluoromethylphenyl) DPAH.

They reported the distribution ratios (Dy) of lanthanide
and actinide ions and compared the Dy values with that
of Am** in the extraction system of 1 M HNO; and 0.1 M
TODGA /n-dodecane. The order of extractability of actinide
ions from 1M HNO; is An**, An** > AnO,*" > AnO,".
The TODGA has an ability of co-extraction of trivalent ac-
tinide ions and lanthanide ions from high-level liquid ra-
dioactive waste and is suitable for the mutual separation
between trivalent actinide ions and the AnO,*", AnO," ions.
Ansari et al. applied the TODGA molecule to the separation
process of MAs from high level liquid waste using a hollow-
fiber supported liquid membrane [110].

Sulfur donor extractants

For the mutual separation between trivalent actinide ions
and lanthanide ions, soft donor extractants containing sul-
fur and/or nitrogen donors were widely investigated. As
extractant contains the P=S group in the molecule, the sul-
fur atom has potential for selective coordination to Am?**
and Cm*" against the trivalent lanthanide ions. The sulfur
type soft donor extractant, thiophosphoric acid is a candi-
date for selective separation of trivalent actinide ions from
lanthanides [111]. Zhu er al. [112, 113] developed a dithio-
phosphinic acid type extractant, Cyanex-301 (bis(2,4,4-
trimethylpentyl) dithiophosphinic acid), to separate selec-
tively trivalent actinide ions from the lanthanides. They
reported the average separation factor of Am** against Ln**
being greater than 2300. Chen et al. [114] reported that
the equilibrium constant for the liquid-liquid extraction of
Am** by Cyanex-301 is 5900 times larger than that of Eu®*,
the homologous lanthanide. In this Cyanex process, the
raffinate solution must be adjusted to a pH 3 to 4. Since
the Cyanex molecule is not stable in an acidic condition,
there are several important subjects to solve for the indus-
trial application of this Cyanex ligands. Klaehn et al. newly
developed dithiophosphinic acid type extractants for MA
separations. One of the aromatic type ditiophosphinic acids
(R2PS2H: DPAH), bis(o-trifluoro methylphenyl) DPAH
(Fig. 14) can selectively separate Am** from Eu** with sep-
aration factors of ~ 100000 at low pH region [115].

To explain the difference of affinity, Cao and Dolg
etal. [116] investigated theoretically the mechanism of
Am*" and Cm*" separation from Eu®* with Cyanex-301
type ligands. They applied DFT using the second-order
Mgller—Plesset perturbation theory with the conductor-like
screening model (COSMO) approach. The calculated Gibbs
free energy difference in the extraction reaction agreed well
with the thermodynamical property for Am** and Cm**.

Nitrogen donor extractants

Kolarik etal. [117,118] and Madic et al [119] carried
out comprehensive study of the separation of trivalent
actinide ions from lanthanides by the nitrogen donor extrac-
tants. They developed several new nitrogen polydentate lig-
ands, BTP [2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)-4-alkyl-
pyridines] and BTBP [6,6'-bis-(5,6-diethyl-[1,2,4]triazin-3-
y1)-2,2"-bipyridyl]. They used a computational approach for
molecular design of extractants and to find out the separa-
tion mechanism. Guillaumont [120] reported the An*" and
Ln*" complexes with nitrogen donor ligands and she tried
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to understand the chemical bonding between the cations
and donor atoms. Although the BTP type extractants have
potential for the selective separation of the An** group,
they are not stable against oxidation, acidic hydrolysis,
and radiolysis [121]. Drew and co-workers [122] applied
BTBP/1,1,2,2-tetrachloroethane to the Am*'/Eu’" sep-
aration from 1M HNO;, and reported exceptional S.F.
(Am** /Eu*") > 160.

4.4 Solid state properties of transuranium compounds

As discussed in the Sect. 4.1, the itinerant 5 f electrons of
lighter actinides strongly contribute to the chemical bonding
in the metallic phases, alloys, and other solid state com-
pounds, while the heavier actinides having localized 5 f
electrons behave like lanthanides. High pressure is the most
efficient and cleanest way of changing the interatomic dis-
tances in a lattice. The changing the interatomic distance
should affect the bonding and electron configurations so that
many experiments are conducted to explore the role of 5 f
electrons combined with the computational approach [123].

In this sub-section, we briefly summarize recent activities
of basic research on the metals and alloys of actinides and
several important progresses of nuclear fuel technologies in-
cluding oxides and nitrides.

4.4.1 High pressure study of actinide alloys

Fig. 15 shows atomic volumes of lanthanide and actinide
metals. The lighter actinide metals from Pa to Pu take
smaller atomic volumes and higher densities compared with
those of the heavier actinides. The metallic bonding be-
comes stronger by the contribution of 5f electrons in the
lighter actinide metals. The atomic volume of Am is rela-
tively larger than those of U, Np, and Pu and several ref-
erences provide details concerning the structural change of
Am metal under high pressure [124—127].

The first high pressure study of Am was carried out by
Stephens et al. [124] in 1968. They determined the com-
pressibility and electrical resistance of Am metal. In 1980,
Skriver and co-workers [125] applied the X-ray diffraction
technique to the high pressure study of Am, and Bene-
dict et al. conducted the experiments on phase transitions
of Am under high pressure and determined the 5f elec-
tron delocalization occurs at 23 GPa. Benedict [126, 127]
reviewed the study of pressure-induced structural transi-
tions in the actinide metals. Heathman, Lindbaum and
co-workers [128, 129] investigated pressure induced struc-
tural change of Am by using synchrotron radiation and
determined the structural behavior up to 100 GPa and they
confirmed the delocalization of 5f electrons by the pres-
sure induction. Soderlind and Landa [130] investigated
the crystal structural transformation of Am under high
pressure theoretically by the first principle DFT method.
Moore et al. [131] applied electron energy-loss spectroscopy
(EELS) and DFT calculation to the analysis of magnetic
stabilization of Cm.

The boundary of localization and delocalization transi-
tion in Pu is investigated by Marianetti et al. [132]. They ap-
plied the dynamical mean-field theory (DMFT) to calculate
the magnetic susceptibility, heat capacity, and the tempera-
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Fig. 15. Atomic volumes of lanthanide and actinide metals. Pa, U, Np,
and Pu: density increased by 5 f bonding. Low density of Eu, Es, and
Yb is due to divalency.

ture dependence of the valence band photoemission spectra
for 8-phase plutonium (§-Pu). The combination of DFT and
DMFT is suitable for the precise evaluation of these solid
state properties of the actinides. The behavior of 5f elec-
trons of the actinides is in between the more localized 4 f
electrons of the lanthanides and the itinerant d electrons of
the transition metals.

4.4.2 Basic study of actinide solid state compounds

The first principle calculations of solid state actinide com-
pounds have progressed rapidly in recent years. The ground
state electronic structures of AnO, An,Os, and AnO, (An =
U, Np, Pu, Am, Cm, Bk and Cf) are investigated by Petit and
co-workers [133]. Wang et al. [134] applied local density
approximation (LDA) with Hubbard U parameter method,
LDA + U and generalized gradient approximation (GGA),
GGA + U for the electronic structure of NpO, and compared
the phonon-dispersion curves. They compared with the sta-
bility of 5f electrons with the localization-delocalization
trend.

Tokunaga and his colleague [135] carried out the 7O
NMR study on AmO, and they confirmed the phase transi-
tion at 8.5 K and compared it with those of UO, and NpO,.
The review paper of Walstedt et al. [136] is available for the
NMR application to the superconductivity research of ac-
tinide alloys and compounds.

Since the 1950’s, superconductivity of the actinide alloys
and compounds has been explored by several pioneers in
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this research field [137, 138]. Sarrao et al. [139] discovered
superconductivity in the Pu based alloy, PuCoGas; hav-
ing the transition temperature 7, = 18.5 K. The T, of this
compound is an order of magnitude greater than that of
the former U and Ce based heavy-fermion systems. Curro
and co-workers [140] measured a nuclear spin-lattice re-
laxation rate and Knight shift of PuCoGas and found the
unconventional superconductivity in this alloy. AnPdsAl,
type alloys are widely investigated as a heavy-fermion su-
perconductor. Aoki and co-workers synthesized a novel
superconductor, NpPdsAl,, and confirmed the d-wave type
superconductivity [141]. Yamagami et al. [142] investigated
the Fermi surface structure of NpPdsAl, by the relativistic
linear-augmented-plane-wave (RLAPW) band calculation
with LDA approximation. They computed the Fermi en-
ergy of NpPdsAl, and it locates on the narrow 5f band
width. The research on the heavy-fermion superconduc-
tors is summarized in the review article of Monthoux
et al. [143].

The LDA level of calculation for actinide oxides is not
well reproduced with the experimental results of the en-
ergy position of 5f electrons near the Fermi level, Er.
In order to correct this difference, an additional on-site
Coulomb interaction parameter U is added for the calcula-
tion. The LDA 4+ U method is now popular for the calcu-
lation of actinide systems. This U parameter, however, is
a kind of empirical parameter and modification of this part
is needed for the development of real first principle calcu-
lation for actinide solid materials. In order to improve the
uncertainty of the LDA 4+ U method, the dynamical mean-
field theory (DMFT) has been proposed and well succeeded
in the prediction and assignment of phonon calculations of
6-Pu [144]. Shim et al. [145] well reproduced the photoe-
mission spectra of §-Pu and confirmed the reliability of the
DMFT approach.

4.4.3 Nuclear fuels and related topics

A general overview of recent progress in nuclear fuel tech-
nology was extensively reviewed by Olander [146]. He re-
viewed the activities and notable research topics related
to nuclear fuels, including uranium and plutonium mixed
oxide (MOX), pyrochemistry and reprocessing technology.
This report is quite useful to grasp the status of R&D in
the field of nuclear fuel technology. The R&D activities of
nuclear fuels including MAs are surveyed and published
by IAEA [147]. The significant topics of MA bearing fuel
may be the transmutation technique in a sodium cooled fast
reactors and accelerator-driven system (ADS). This report
contains physical and chemical properties of MA oxides,
nitrides, and alloys efc. Comprehensive data of the phase di-
agrams of binary actinide alloys are available in the book of
Kassner and Peterson [148].

Recently, Havela et al. [149] carried out photoelectron
spectroscopy of the Pu metal and Espinosa et al. [150]
reported XAFS study of the local atomic structure of o-
phase plutonium («-Pu). Allen and co-workers [151] exam-
ined local structures of Ga-stabilized §-Pu and Soderlind
et al. [152] investigated electronic structure of §-Pu by all-
electron full potential linear muffin-tin orbitals (FPLMTO),
Korringa—Kohn—Rostoker (KKR) and projector augmented

wave (PAW) methods. Savrasov and his colleagues correctly
predicted the behavior of Pu metal by the dynamical mean-
field theory (DMFT) [153, 154].

A huge amount of research has been done on the oxide
compounds of transuranium elements. The oxygen to metal
ratio (O/M ratio) is one of the important parameters to
understand the solid-state behavior of these oxides. The
fluorite-structure dioxide is well studied in the research of
actinide oxides. Np takes pentavalent oxide Np,Os, while
the other transuranium elements take between the trivalent
and tetravalent states in the oxides. The chemical forms
of these oxides give important information on properties
of irradiated nuclear fuels and solidified high-level nuclear
wastes. Basic research of MA behavior is motivated to un-
derstand the redox properties of transmutation fuels in order
to mitigate the oxidation of cladding tube by released oxy-
gen from the fuels. Nishi et al. [155] applied the XAFS
technique to the americium oxides, AmO, and Am,0;. They
clearly confirmed the chemical shift of the white line energy
between Am** and Am*" in the oxides. Martin et al. also
applied XAFS to the structural phase transition in the ameri-
cium zirconate pyrochlore, Am,Zr,0; [156]. This system is
one of the candidates for inert matrix target materials for the
transmutation of MAs.
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