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Introduction 1837

16.1 INTRODUCTION

This chapter reviews the spectra and the deduced electronic properties of
isolated actinide atoms and ions observed in the vapor phase at low density.
The free atoms or ions have all or most of the valence electrons present, and the
observed spectra can be assigned to transitions due essentially to changes in the
quantum numbers of the valence electrons. This is in contrast to the spectra of
actinides in crystals or in solution (dealt with in depth in Chapter 18), where the
observed spectra are largely due to transitions within the 5f shell. In crystals, the
actinide ions are exposed to the electric field of the surrounding ions, which
produces a Stark effect on the levels. The magnitude of the effect is relatively
small because the 5f electrons are shielded from the crystal field by the 6s and 6p
electrons. The result is a small perturbation in which each 5f level is split into a
number of close components. In free atoms, the valence electrons interact
strongly with the 5f electrons and also with each other. Hence each 5f level
gives rise to many daughter levels that are more widely split than the parent
separations and have large angular momentum contributions from the parent.
The result in this case is a great number of levels whose structure is not simply
related to the structure of the 5f levels or to the structure of the valence-electron
levels by themselves. It is evident that the 5f level structure can be obtained more
directly from crystal spectra but the properties of the valence electrons (in
particular, implications for the chemical properties) must be deduced from the
free-atom spectra.

Historically, the correlation between actinide chemistry and spectroscopy was
anticipated before much experimental information was available in either field.
Therefore interest in actinide spectroscopy was as an aid to predicting actinide
chemistry, in the expectation that smaller quantities of these elements would be
required. In practice, the chemistry developed first as soon as sufficient amounts
of material were produced, while the spectroscopy encountered difficulties be-
cause the complexities were underestimated. The difficulty was not so much as
the enormous total number of levels, which could be counted readily, but the
extent to which the levels interacted so as to preclude simplification.

The interaction implies that each level is a mixture of various pure states
labeled by quantum numbers for the 5f shell and also by quantum numbers for
each valence-electron shell. Different levels have different mixtures, and the
composition of each level cannot be deduced by inspection because of the large
number of quantum numbers, with a different energy dependence for each.
Thus the compositions must be derived by comparison with theoretical calcula-
tions. The calculations are difficult to perform even with a large computer, and
because of the mixing, the results do not give a simple picture of the way in
which the energy of an actinide atom depends on the valence-electron configu-
ration. This complexity is inherent in atoms with 5f electrons, and the chemistry
is correspondingly more difficult to predict. Nevertheless, it is clearly desirable
to attempt it.
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We begin with a discussion of some experimental techniques, then present an
introduction to the theory, and finally relate the electronic structure obtained
from the spectroscopic data to the chemistry of the actinide elements. Laser
spectroscopic techniques are discussed, which have improved the quality of
isotope shift (IS) and hyperfine structure (hfs) data. These methods have
increased the accuracy of the ionization potentials (IPs) of the actinide elements
where sufficient (and in some cases only very small) quantities of atoms can be
produced. A few new energy levels have been found for Fm and Es by the
resonance ionization mass spectroscopy (RIMS) technique, but no new infor-
mation has been obtained to date on the electronic structure of the heavier
actinides (beyond Fm). A discussion of the spectroscopy of deformed isomers of
Am is included.

16.2 EXPERIMENTAL SPECTROSCOPY OF FREE ACTINIDE
ATOMS AND IONS

The main interest in actinide spectra, besides finding lines useful for chemical
analyses of the elements, is in energy level analysis. This methodology deter-
mines the relative energies of various electron configurations for each
actinide and the way the interactions between different kinds of electrons
vary along the actinide series. The first step in this process is to obtain the
complete (as possible) spectra for each element. For conventional actinide
spectroscopy, the limit is Es, the element with atomic number 99. Thus four
elements, Fm to Lw, have little experimental spectroscopic results. Limited
beam and laser spectroscopy, plus extrapolation and theory, are all that is
available for determining the optical spectra and electronic structure of these
four elements.

In each actinide spectrum, tens of thousands of spectral lines are observed
and many more are possible but weak. No order is apparent. The determination
of the energy levels from the lines is based chiefly on the search for recurrent
differences (or sums) between the energies (wavenumbers) of various pairs of
lines, indicating pairs of transitions to a given pair of levels from levels of
opposite parity. The level structure can be derived in principle by establishing
a number of such level pairs. For actinide spectra, a purely numerical approach
is not possible for the following reasons:

(1) The large line density usually yields many more fortuitous recurrences than
real ones, but improvement in the accuracy of the line list can significantly
reduce the number.

(2) The real recurrences due to transitions involving a given pair of levels are
limited by selection rules.

(3) The strong lines can often be paired with weak lines that may be too weak to
be observed and thus be missed.
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Hence one needs to observe the energies of as many lines as possible, measured
with the highest accuracy and resolution, as contrasted with spectrochemical
analysis, where only a relatively small number of strong lines are required.
Corroborative information, such as Zeeman data, ISs, hfs, vapor absorption
or self-absorption in an electrodeless discharge lamp (EDL), spectral assign-
ment, is essential.

Experimental techniques have been adequate for the production of neutral
(atomic, An 1 where An represents any actinide element) and first-ion spectra
(singly ionized, An 11), in spite of the limitations of available sample size and the
associated radioactivity for all the actinides up to and including Es. The usual
light source is an EDL made from quartz tubing with about 2-3 mm i.d., 5-6
mm o.d., and about 22-25 mm long, into which the sample (~0.1 mg
as anhydrous An iodides) is sublimed. The lamp is then sealed off under
vacuum, as described in Tomkins and Fred (1957) and in Worden er al.
(1963). A microwave discharge supplies the heat to volatilize the sample,
and the electron energy to dissociate the molecules and excite the atomic
spectrum. This source is sensitive, confines the radioactivity, gives sharp lines,
and can be run in a magnetic field. It can also be used to differentiate lines of
the neutral spectrum from those of the first ion by observation of the
spectrum at high and low microwave powers (or high and low atom density).
At very high power or high atom density, self-reversal of lines from the
low-lying levels of the neutral atoms, and in some cases the first ion of the
element, were observed. The lamps allow complete recovery of the element
after use. This is a very important consideration for rare isotopes where the
cost of production is high and only limited quantities are available. Unfortu-
nately a comparable source for the higher ions (much higher electron tempera-
ture required) is not yet available. A few lines of the third spectrum of
some actinides have been observed in special hollow cathode lamps but not
from EDLs.

The design and construction of EDLs of Es, when amounts of ~100 mg
or more became available, had to be changed because of the poor yields
(<15%) obtained with no carrier element present (Worden et al., 1968,
1970 and especially Worden et al., 1974). These changes are described in detail
in Appendix 16.1.

Initial analyses of all actinide spectra are based on measurements of photo-
graphic plates taken on the Argonne National Laboratory (ANL) 9.15 m
Paschen-Runge and 3.4 m Ebert spectrographs with high-angle gratings (now
decommissioned). These instruments covered a large wavelength range at high
resolving power with a single exposure (providing wavenumber (energy) accu-
racy of 0.02 cem ™! or higher (Tomkins and Fred, 1963; Worden and Conway,
1970; Worden et al., 1970, 1974, 1987). Because photographic plates were used,
several exposures were required. The plates were measured using semiautomatic
comparators with 1 pm accuracy (Tomkins and Fred, 1951). The thorium
spectrum was used in order to provide standards to establish the unknown
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wavelengths. In the case of the highly radioactive elements, it was essential to
remove the lines of the decay products as well as other impurity lines from the
line list before beginning the analyses of the spectra. The near-infrared and
infrared spectra of the actinide elements were observed with Fourier transform
spectrometers (FTSs) (see for example Conway et al., 1976). The assembly of an
accurate line list and other supporting data suitable for level analysis required
3-6 years. The hfs and IS can be obtained with FTSs, but calibration of the IS
data is needed when using separated isotopes in EDLs where there are no
internal standard lines for production of a calibrated energy scale (Pulliam
et al., 2003).

An FTS with comparable resolving power but better energy accuracy (0.005
cm ! or higher) than the ANL spectrograph has been operational at the Labor-
atoire Aimé Cotton (LAC), Orsay, France, since 1970. Built initially for the
infrared region, it covers the region 4000-400 nm (Connes et al., 1970). A
second FTS covered the visible and ultraviolet regions down to 345 nm. By
1976, another high-resolution FTS had been built at the National Solar Obser-
vatory, Kitt Peak, Arizona (Brault, 1976). All the actinide spectra from Th to Cf
have now been recorded with one or more of these instruments. Observation of
the infrared spectrum with high resolution and accuracy is especially important
for the term analyses of the lanthanide and actinide spectra because of the large
number of low-lying energy levels that give transitions in this spectral region.
The spectra of a number of actinides have been recorded over the full range
(~1800 to 50 000 cm ', or because of quartz lamp limitations, 3500-45000 cm ')
on the 1 m FTS at Kitt Peak.

The advent of atomic vapor laser isotope separation (AVLIS) in the early
1970s stimulated considerable interest in the laser spectroscopy of actinides,
primarily on U and other light actinide elements that continues to the present.
These efforts involve many countries besides the USA, including Canada,
France, England, Germany, Italy, Japan, India, and China. More conventional
actinide spectroscopy, in addition to laser spectroscopy, has continued in
France and Germany. Blaise and Wyart at LAC are compiling actinide energy
levels and extending current analyses and theory for some heavier actinides.
German work is based on the low-level detection of actinides, and has resulted
in the very accurate determination of actinide IPs, the study of isomer shifts,
and recently the finding of a limited number of levels in Es (Peterson et al., 1998)
and Fm (Sewtz et al., 2003) by laser techniques. Complete line lists with level
assignments of some of the actinides are now available from the National
Institute of Standards and Technology (NIST). Atlases that include scans, line
frequencies, and level assignments for FTS observations are available from Los
Alamos National Laboratory (LANL) on Th (Palmer and Engleman, 1983) and
U (Palmer et al., 1980).

The present status of the term analyses of actinide spectra varies from essen-
tially complete for the elements with even atomic number (Th, U, Pu, Cm, and
Cf) to partial analyses for some of the odd isotopes. In the first category, nearly
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all the strong and moderate-intensity lines have been classified and only weak
lines remain to be assigned. However, these are a considerable fraction of the
total number. Conventional publication of so much data is impracticable; thus
this information is in some cases available only in the laboratory doing the
work. Nevertheless, wavelengths of the strongest emission lines of all the acti-
nides from Ac through Cf have been tabulated according to the stage of ioniza-
tion (Reader and Corliss, 1980). Blaise and Wyart (1992) have published all
known energy levels of the actinides analyzed up to that time and list ionization
stage, energies, intensities, J-values, and level assignments of selected lines of all
actinides through Es. The contents of this volume are being transferred and
updated on a database at LACs website www.lac.u-psud.fr. Table 16.1 sum-
marizes the lowest determined level for each known configuration of the acti-
nide elements. In some cases, the references in Table 16.1 include extensive line
lists of the classified lines and known energy levels.

After a major campaign in 1975-76 to observe the ***Es and 2*°Cf atomic
spectra, the number of workers doing energy-level analyses has steadily de-
creased worldwide. At the present time only a very few laboratories are pursuing
studies of this type.

16.3 EMPIRICAL ANALYSIS OF ACTINIDE SPECTRA

A neutral actinide has typically less than a 1000 known experimental levels, the
first ion somewhat fewer, primarily due to the low excitation energy of the EDL
source. The levels are organized by half-dozen into terms, some dozens of
terms form a configuration, and there are often ten or more configurations
identified for a given stage of ionization. The order in this hierarchy, however, is
not evident. There is considerable overlapping of different terms and of differ-
ent configurations. The terms are not pure in any coupling scheme but must be
described as mixtures to account for their properties, and there is more often
than not mixing of configurations. The only way most levels can be identified
with a given configuration is by the use of the observed IS, the intensities of its
transitions to levels of known configurations, and by comparison with theoreti-
cal calculations with appropriate parameters.

There are several fortunate circumstances that make it possible to identify the
lowest level of each configuration and thereby the relative energies of the
configurations (for interpretation of the structure). In SL coupling the lowest
level of a configuration is usually found to be fairly pure and follows Hund’s
rules, i.e. this term has maximum multiplicity and maximum orbital angular
momentum. Fig. 16.1 shows, as an example of Hund’s rules, the lowest term of a
number of configurations in neutral plutonium. Although Hund’s rules apply
only in configurations of equivalent electrons, they are followed, with few
exceptions, in configurations with several open subshells.
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Fig. 16.1 Hund’s rule multiplet of various electron configurations of neutral plutonium,
Pu(s). The number opposite each fine-structure level is the observed isotope shifts

CYPu2®pPyy in 103 em .

One of the most useful types of experimental corroboration can be obtained
from IS values. In the heavy elements the difference in energy of an atomic level
from one isotope to another is due to the difference in nuclear volume between
the isotopes. For an electron very near the center of the atom, the Coulomb
attraction is decreased from that for a point nucleus. The effect is greater for
heavier (larger) isotopes. The IS is also greater for electron configurations with
more s-electrons since s-electrons have (nonrelativistically) a finite electron
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density at the nucleus. The IS is therefore larger for the 5f”7s> configuration
than for the 5f"7s7p configuration. The size of the shift is not directly propor-
tional to the number of 7s electrons because the total s-electron density at the
nucleus is modified by the mutual shielding among the electrons. If two 7s
electrons are present, the inner electron density of one to some extent shields
the outer density of the other from the nuclear attraction, and consequently the
7s> central density is less than twice that for 7s!. The presence of an inner
electron (5f or, somewhat less so, 6d) also shields a 7s electron. So converting
a 5f to a 6d electron reduces the shielding of the 7s electron and increases the IS.
Nonrelativistic Hartree-Fock (HF) calculations (Wilson, 1968) gave the result
that in converting from one type of valence electron to another, the 5s and 6s
electron densities also changed appreciably and had to be considered since it is
the total density of all the s-electrons that is responsible for the IS. Relativistic
HF calculations (Rajnak and Fred, 1977), on the other hand, ascribe the shift to
changes in the shielding of just the 7s electron. Fig. 16.2 shows the experimental
shifts and calculated densities at the nucleus for a number of Pu 1 configura-
tions, illustrating the linear relationship. The experimental shifts are also given
for the fine-structure levels of the terms plotted in Fig. 16.1, showing that there
is a sensibly constant shift within each set of levels. They are, in fact, fairly
constant not only within the lowest term, but also for all the levels of a
configuration. The fluctuation is evidently due to varying amounts of configu-
ration interaction (CI), which mixes different configurations and hence mixes
the shifts in proportion. The IS values thus make it possible to assign many
experimental levels to a definite configuration, which is a very valuable property
even though it says nothing about the assignment of term quantum numbers to
individual levels within a configuration.

164 ELECTRONIC CONFIGURATIONS OF ACTINIDES,
SYSTEMATICS OF ACTINIDE CONFIGURATIONS, AND
RELATION TO CHEMISTRY

Electron configurations, analogous to the Pu configurations shown in Fig. 16.1,
occur in the other actinide elements, i.e. configurations with the same combina-
tion of valence electrons but with the number of 5f electrons increasing as Z, the
atomic number, increases. These can be generalized into various series, such as
5f"7s%, 5f"16d7s%, etc., where for the neutral atom n = Z—88. Within a series,
the S and L of the Hund’s rules term change from series member to member
because of the changing contribution from the 5f shell. There are also
corresponding series for the ions, e.g. 5f"7s, 5" '6d7s.

The usefulness of the series concept comes from the regularity in energy of the
lowest term. The relative energies of different series change with Z but the
change is systematic. This is illustrated in Fig. 16.3(a) and (b) for the neutral
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Fig. 16.2 Isotope shifts of configurations of Pu 1 and Pu 11 as a function of electron density
at the nucleus.

atoms; the data are given in Tables 16.1 and 16.2. The absolute binding energies
increase with Z (become more negative), but the quantity of interest is usually
the relative energy between series. In Fig. 16.3(a) the zero energy for each
element has been taken arbitrarily as the configuration 5f"~'6d7s” (the lowest
with three valence electrons, trivalent) and in Fig. 16.3(b) the lowest configura-
tion is taken as 5f”7s* (divalent). The regularity provides independent evidence
of the correct assignment of levels to the various series for the individual
actinide elements, except for the irregular behavior near the middle of the
5f shell.

This irregularity is due mainly to the fact that the overall spread in energy of
the f” configurations is greatest for the half-filled shell, n = 7. (Each " configu-
ration consists of a number of SL terms due to the 5f—5f repulsion, and these
terms have quite different energies.) Fig. 16.4 shows the approximate position of
the lowest term of each f” configuration with respect to the weighted average of
the configuration, and also with respect to the lowest term of f”!. When " is
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compared to 51" 6d7s’ (a) and 575 (b). The open circles indicate estimates from Brewer
(1971a,b, 1984).



($861) 1oMAIg WOIJ UdYEB) SAJBWISI oIk SIsayjuared ur sonfep

(00scy)  (00StT) (0€691)  S8SL €96 SLeP9.udS
(0000S) (000TS) 0SO9€  0SO0T  €OSIT  8L6I 0 SLP9- IS
(00061)  (00S81) €08LI  6SYLI  +I691  LS9LT  809ST  6vPST  SS981  T6LTc  (009ST) (000CH) (000 €h) dzsL,3s
(00079)  (0008S) (000%S) (0000S) (000SH) (0001+) TL6€E  TILTIE  (000L2) (000+E) (0006E) (000LS) (000 6S) P9.J¢S
(00082)  (00097) (000€T) +¥O0OT  TSILI  €€691  LOSPI  8TSET  #8€€l  O¥8¥I  €69%1  (0006¢)  (000TH) SLP9,JS
0 0 0 0 0 vICl 0 0 1€8¢C 120L 610€1  96v LT (0000€) SLuIS
(0008%)  (00SLE) (0009€) TS6EE  TS9OPT  €STSI  9L8ST  8T8OT  6E€¥l  ¥P9¥I  €6Evl  860CC  EILEl  dLSLP9, IS
(000827)  (00012) (000CT) 8TLYT  8LLLT  €9T6 0982C  868L1  Ov6IT  ¥I9IT  ShpIT  T€¥8T  (00S6) diSLy_u3S
(0001S)  (0006€) (0009€) (00STE) 90STIC  SHPIOI  €TSO0T  CTI6PI TUIL  6¥C9 000L 61961 L1T6 SLP9,dS
(0000¢)  (00002) €910C 60691  1¥16 0 8901  ¥I€9 0 0 0 S6LL 0 SLPY IS
(crron (creoon (r‘e6) (©1°86) (6°L6) (896 (Ls6) O%ve) (S€6) (o) (€760 (T06) (=N
P uiq sq 0 g o) wy nd dy n vd Yr ‘68 =2)
e

"SJUOUI]D IPIULIOD [DAINIU JY] O SUOUDNSYU0D UOUILLOD IULOS JO S]aAd] JSOMOT  T'9T dqeL



1856 Electronic structures of free actinide atoms and ions

40
20
01—e @
~
° ./
. /
—20 \ [
15 ° /
5]
E=)
= —40+ g
>
o
® [ ]
C
L
—60 \ °
[ ]
-80
[ ]
—100 7 o f{7lowest term
o fn_fn—1
[ ]
-120 T T T T T T T T T T T T 1
Ac Th Pa U Np Pu AmCm Bk Cf Es Fm Md No
n=1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 16.4. Approximate energy of the lowest term of f" relative to the weighted average of

f"and of [

compared with f”7'd (the 7s? electrons do not contribute to the structure), the
irregularity is reduced because the f—d electrostatic interaction changes sign at
n = &, and also slope.

Inspection of Fig. 16.3(a) shows three families of series based on f”, f"!, and
"2 having respectively negative, zero, and positive slope. The relative positions
of different series characterized by various configurations of outer electrons
tend to repeat for each family, and consequently the existence of families is
clearly due to the properties of the 5f electrons. For simplicity, Fig. 16.4 presents
the lowest series of each family, those configurations with 7s*>. Now HF calcula-
tions show that most of the energy in actinide configurations comes from the
electrostatic attraction between the individual 5f electrons and the nucleus. This
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attraction increases with Z (the actinide contraction) and the total of the 5f
attraction energy is proportional to the number of 5f electrons. The 7s” energy is
nearly constant with Z and so does not affect the trend of the series. The 6d
energy is also nearly constant but gives an additional (almost constant) contri-
bution to 5" '6d7s> and twice as much to 5f”26d%7s%; it affects the absolute
positions of the three series but not the slopes (see Fig. 16.3a). The three series
have roughly equal energies for atomic numbers around that of uranium
(Z = 92). For smaller Z, the 6d binding energy is more important than the 5f
binding energy, but for larger Z the 5f becomes increasingly more stable due to
an increase with both Z and n.

The electron—nucleus attraction energy is related by the virial theorem to the
mean value of r (the electron—nucleus separation) for the different kinds of
electrons. Fig. 16.5 shows (nonrelativistic) HF solutions for the radial distribu-
tion P(r) for plutonium as a typical actinide. The abscissa is chosen as '? (in
atomic units) in order to show more detail at small  and less at large r. The
figure also shows the total electron density due to the first 86 electrons in the
radon core, plotted to a reduced ordinate scale. At the bottom of the figure is
Z*, the effective Z, which describes how the nuclear charge seen by an electron
at separation r is reduced by the shielding due to the electron density between
zero and r. The 5f electrons clearly see a larger Z* than do 6d or 7p. The 5f
Coulomb energy —Z*e?/(r) is more negative ((r) is the expectation value of r,

‘Radon core 75 (82
z[P(n)2

e

Fig. 16.5 Radial distribution functions of valence electrons in neutral plutonium.
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1.e. r averaged over the radial density distribution). The total energy also in-
cludes a centrifugal term +/(/+1)/ (/is the azimuthal quantum number), which
tends to equalize the 5f, 6d, and 7p Coulomb energies, and the details vary along
the actinide series as first shown by Goeppert Mayer (1941). It can be seen that
the 7s radial function has its main contribution well outside the radon core, the
6d not quite so much, while the 5f electron is completely inside the core. The 5f
electron is an inner electron and not much affected by the environment outside
the core.

The determination of the electronic structure of the actinide elements through
spectroscopy was expected to lend considerable knowledge to the chemistry of
the elements. In fact the opposite is true because of complications in the
observation and the analyses of the spectra, the chemistry was well known
before elucidation of the spectra was possible. There are clear implications
for actinide chemistry in the relative energies and radial distributions of
the last (Z—86) electrons of a neutral actinide atom (see Fig. 16.5). For a
typical actinide, the 6d and 7s” electrons extend beyond the radon core and
are available for forming chemical bonds, i.e. a typical actinide should be
trivalent. At the beginning of the series, however, the 5f electron is not so
firmly bound and has a larger (r), which reduces the amount of shielding of
the nuclear charge as seen by the 6d electron. Hence for thorium, 6d is favored
over 5f because of its larger Z* and smaller centrifugal loss, and the ground
state is 6d°7s%, resulting in a neutral atom with four external electrons
(quadrivalent).

The tendency of the actinides to be multivalent in the first part of the actinide
series because of the presence of 7s, 7p and 6d and 5f electrons of about
equivalent energy is well known. The tendency to become more lanthanide-
like in behavior toward the middle of the series and then have more divalent
character near and beyond Es is related to the known electronic structure
of these actinides. The increased stability of the 5f electrons as the atomic
number is increased can be determined from the systematics of the electronic
structure. At the heavy end of the actinide series, the 5f electrons become
increasingly bound compared with 6d and it is more favorable to convert an
added electron to another 5f, producing 5f"7s> as the ground state (divalent).
This change in valence along the series is reduced in the lanthanides, as is shown
in Fig. 16.6, where the relative energy of configurations 4f"6s>, 4f"15d6s?, and
4f"'5d6s6p are compared with the corresponding actinide configurations. The
increased stability of 5f vs 4f in the second half of the series is evident
and explains the tendency toward divalent character in the actinides beyond
Es. The first actinide to show a stable divalent ion in solution was Md (Hulet
et al., 1967).

Brewer (1971a,b, 1984) developed methods based on the thermodynamic data
of actinide metals and the regularities of the lowest energy levels of known
actinide configurations (described above) to estimate the lowest energy levels
of missing configurations of free atoms and ions in the 4f and 5f series.
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Fig. 16.6 The energies of the lowest levels of the configurations, f's>, " 'ds®, and f"‘dsp
for the actinides (5f) and lanthanides (4f) plotted vs n with the lowest level of the f"'ds*
configuration at zero. Level energies with dashed level and connector lines are predicted
values from Brewer (1971a). The lower energy for 5f"7s> for Cm and beyond is evident as
the actinide series is ascended. This explains the tendency for the actinides to be more
lanthanide-like at the center then become more divalent in character for the heavier
actinides of Es and beyond.

His estimates have proven to be very useful in assigning unknown configurations
during spectral analyses.

These qualitative considerations are compared with some solution chemistry
results in Fig. 16.7(a) and (b). The standard oxidation-reduction potentials
E°(M"DH/M"), converted from volts to cm™, are plotted for comparison
with the energies of f-d transitions in free atoms. The full symbols are
experimental values, the open symbols the calculated ones (Nugent, 1975).
The similarity in shape of the two sets of curves is evident. There are approxi-
mate shifts of about 30000 cm ' for the (1m)/(11) potentials (Fig. 16.7(a)) and
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Fig. 16.7 Comparison of actinide standard oxidation—reduction potentials and the relative
energies of the series on converting a Sf electron to a 6d electron across the series.

about 20000 cm ! for (1v)/(1) (Fig. 16.7(b)) in the same direction, i.e. less energy
is required for f—d conversion in solution than in the free neutral atom.

16.5 THEORETICAL TERM STRUCTURE OF THE FREE ACTINIDES

The energy of an atomic level results from various interactions and is an
eigenvalue of the Hamiltonian operator describing the N-electron atom. If
relativistic effects are first neglected, the Schrédinger equation HY = EV is to

be solved with
N 2 2 N 2
p;  Ze e
H = L E _
<2m Fi ) * <}’ l])

i=1 i>j=1

where p? /2m represents the kinetic energy and r; the distance to the nucleus for
electron i of mass m and electron charge e. The last term in H (named Q
hereafter) accounts for the repulsions between all pairs of electrons separated
by the distance r; and is too large to be treated as a perturbation. The central
field approximation of Slater (1929), i.e. electrons being assumed to move in
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a spherically symmetric potential —U(r;)/e, gives the following equation H’
considered as zeroth-order perturbation theory

H=>Y" <%+ U(r,»)).

The difference, H-H', is the perturbation potential,

i3 (o) 435 (9)

Py N

The eigenvalues of H' depend on the n and / quantum numbers only, defining
the configurations . ..n,#n,l} ... and the first summation in the H—H’ equation
contributes as a global shift for each configuration. The active two-electron part
O splits the highly degenerate states of the configurations into terms of definite
total spin S and total orbital angular momenta L. Spin-dependent interactions
have a leading term that couples the spin angular momentum s; and the orbital
angular momentum /; of each of the electrons e;. The spin—orbit operator

A= Z f(”i)sili

is then added to H—H'. The matrix elements of A have radial parts, the spin—
orbit radial integrals {,;, which increase rapidly with atomic number. Conse-
quently, A can be considered a perturbation on SL terms for low Z elements
only, where all levels with total angular momentum J (J = L + S) allowed in
aterm (| L -S| < J <L+ S) are close in energy. In actinides, the spin—
orbit splitting (fine structure) of the terms is larger than their separations.
LS coupling selection rules for transitions are violated and prevent total spin
and orbital momenta S and L, respectively, from being quantum numbers of
interest. The complexity of the actinide spectra is correlated with the relative
magnitude of various parts in Q and in A. All the individual s and / angular
momenta sum as J = X(s; + 1;) with intermediate steps and the angular momenta
associated with these steps define a coupling scheme. It is chosen so that the
off-diagonal elements of the matrix of the Q + A operator are as small as
possible. In odd-Z elements, due to the nuclear magnetic moment I and its
coupling with J, the total angular momentum J should be replaced by F =1+ J.
Then the hyperfine Hamiltonian A -1-J has to be added to Q + A. Actinides
display the largest hfs patterns of all spectra; however, the hyperfine splitting is
small compared with level separations and may be interpreted as a perturbation
of the fine-structure levels with wave functions |o.JM ;>, o being a symbol for all
couplings ending on J.

The angular and radial parts in the monoelectronic eigenfunctions and in
the Hamiltonian operators lead to separate radial and angular integrals. All
radial integrals needed in any configuration (electrostatic Slater integrals and
spin—orbit integrals), and how they can be determined from experimental energy
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levels in two-electron configurations, are fully described (Condon and Shortley,
1935). The application of this parametric approach to larger atomic systems
needed Racah methods to be achieved. Racah derived the symmetry properties
in configurations of /V and the double tensor w"* properties of the operators
involved in the Hamiltonian and showed how their ranks x and k in the spin and
orbital spaces explain selection rules and some singularities in matrix elements
(Racah, 1942, 1943, 1949; Judd, 1963).

Although globally satisfactory, the first-order parametric theory faces certain
problems. The electrostatic operator Q has matrix elements between configura-
tions of the same parity p = (—1)* and this would lead to the calculation of the
H, operator with a basis set of many configurations. This was done with success
by Racah (1950) for the two-electron configurations of Th 11, but even with
present-day computers the size of matrices that can be diagonalized is limited.
Perturbation theory allows CI to be calculated as second-order effects, as long
as they are distant (Rajnak and Wybourne, 1964). In case of f”, two-particle
operators lead to the correction terms aL(L+1) + fG(G2) + yG(RT), where o, f§
and y are effective parameters and G(G2) and G(R7) are Casimir operators of
symmetry groups needed to classify f” states. Three-particle operators involved
in £ to £/ I'" excitations also lead to six additional parameters (Judd, 1966).
In the case of several open shells, two-electron electrostatic operators lead to
Slater-type effective parameters (Feneuille and Pelletier-Allard, 1968; Cross-
white, 1971). Although A is an effective operator valid in a given configuration,
second-order operators acting on spin and orbital spaces (cross products Q x A)
have been investigated (Goldschmidt, 1983). Further details are not given
here as they can be found in several textbooks (Slater, 1960; Wybourne, 1965;
Cowan, 1981; Rudzikas, 1997).

Judd (1985) has made a survey of atomic structure theory for complex
spectra. He included a new way of parameterization. Radial integrals and the
usual effective parameters are correlated in the sense that the introduction of a
neglected parameter changes the values of those already used in the analysis.
This can be overcome by replacing the usual operators by linear combinations
associated with ‘orthogonal’ parameters. An application to Pr 1 4f> was made
(Judd and Crosswhite, 1984) and the angular coefficients of relevant operators
were further studied (Hansen et al., 1996; Judd and Lo, 1996) but the actinides
have not yet been investigated in this way.

16.6 DETERMINATION OF RADIAL PARAMETERS

A description of the level structure of an actinide configuration as given by the
eigenvalues and eigenvectors of the energy matrix H has been outlined above.
To obtain quantitative information, it is necessary to provide numerical values
for the matrix elements and then to diagonalize the matrix. The problem thus
divides naturally into several stages: evaluating the angular coefficients f;, g of
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the electrostatic integrals RX(n®l* n°I’ n°I° n1%) with (a = ¢, b = d) for the direct
Slater integrals, FX, and (a = d, b = ¢) for the Slater exchange integrals, G*. The
same procedure may be applied for the spin—orbit integrals, for the electrostatic
Cl integrals R¥, and for effective CI parameters. Then initial values are provided
for the radial integrals and the effective parameters, followed by diagonalization
and optimization of the effective parameters by comparison of the calculated
energy levels with the assigned experimental levels.

The angular coefficients are calculated exactly by application of the Wigner—
Eckart theorem and by means of Racah algebra techniques as described by Judd
(1963). They are products of phase factors, n—j symbols, and contain sums over
the states of the parent configuration f" ! as the decoupling of one (or more) f
electrons out of f” is needed. For that purpose, fractional parentage coefficients
can be found in Nielson and Koster (1964). The analytic expression of angular
coefficients was used as input in the first computer programs to determine
numerical values of the angular coefficients (Racah, 1951; Bordarier, 1970).
As an intricate function of all spin and orbital momenta involved in the selected
coupling scheme, it was subject to errors although an implicit check of the
Racah algebra consistency was provided by the integer form a(b)"?/c of the
whole numerical process. A nearly automatic code was developed at LANL
(Cowan, 1968, 1981), requiring only the number of electrons in each open shell,
input of the fractional parentage coefficients, and a list of terms for each shell.
This code is widely distributed and was adapted at other sites, such as ANL
(Crosswhite, 1975) and for PC users (Kramida, 1997). It runs faster than the
earlier codes as all calculations are performed in the decimal form.

After an initial set of radial integrals is chosen, the Slater—Condon method of
treating them as adjustable parameters may be applied. Upon diagonalization,
the eigenfunctions lead to coefficients of the parameters in intermediate cou-
pling and to a linear expansion for the energy of each level. In the subsequent
least-squares minimization of A; = Ej(exp)-E{th) (where E(exp) and E(th) are
the experimental and calculated levels), and the mean error ¢ = (4 (Niev—
Npar))” % measures the quality of the fit and is critically dependant on the number
of known levels Ny, relative to the number N, of unknown parameters. Some
iterations of the diagonalization/least-squares fits lead after convergence to a set
of fitted parameters with standard errors. In the complex first and second
spectra, inappropriate initial parameters may lead to term inversions in the
comparisons of Efexp) vs Efth) and it sometimes happens that iterations
diverge when processed in an automatic way.

Besides obtaining a low mean error on energies, validity checks of the para-
metric study may be obtained by using the eigenfunctions for the calculations of
hfs constants. This was done for U 1 (Avril ef al., 1994). In addition, theoretical
studies of the IS may be used, e.g. in Th(1,i) (Blaise ez al., 1988a). For even-Z
elements, all investigated with the support of Zeeman effect, first checks are
provided by comparisons between large sets of Land¢ factors g{exp) and easily
derived gcalc) values.
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16.7 ACTINIDE PARAMETERS

16.7.1 Least-squares fitted values

Actinide parameter values cannot be derived in a straightforward way because
of the difficulties discussed above. In almost no case can the parameters be
determined precisely; the values obtained depend on the assumptions made in
defining the energy matrix and these vary from case to case and cannot be
compared reliably. The early actinides (Th to Np) are more completely known
but have more close configurations, and so the parameter values derived are
sensitive to how much CI is included. The middle actinides (Pu to Cf) have
larger configuration separations but more terms in each, leaving the choice
between complete configurations with CI neglected or truncated subconfigura-
tions with CI considered. The late actinides (Es and beyond), which get some
simplicity being closer to 5f'*, may provide values that are still unavailable from
lower-Z elements. A rare example taken from einsteinium (Worden et al., 1974;
Blaise et al., 2003) is shown in Fig. 16.8. In the first excited configuration of Es 1
5f“7s7p, the lowest level *I;s), of the core 5f!! is relatively well isolated from
others and the relationships Q(7s,7p) > A(7p) > Q(5£,7s), Q(5f,7p) lead to a case
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Fig. 16.8 The low-lying levels for various configurations of Es 1. The experimental values
for the 5f'VIs5Tp of Es (heavy bars) are grouped in J ~J, multiplets. Some predicted levels of
51%d 75 (light short bars) and of 5f' 7s7p (light long bars) are also given.
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of (5f'' J~(7s7p)*P J,) J coupling with a clear separation of (15/2, °P,) and
multiplets (15/2, °P;) and (15/2,°P,). As the theoretical splitting of any sp’P term
is approximately equal to 1.5, an approximate value of 4100 cm ! is readily
derived for the (;, spin—orbit parameter. Conversely, a case of complexity
characterizing most of the lanthanides is found in the study of 5f°6d7s*> +
5f36d?7s configurations of U 1 (Petit, 1999) using an extended version of
RCG/RCE codes (Cowan, 1981). The complete basis sets of both configurations
lead to 3642 theoretical levels, of which 155 are identified and 29 parameters are
fitted with an excellent mean error. The eigenfunctions of the lower levels describe
Landé g-values properly. On the other hand, the lack of experimental evidence
for the expected perturbing configuration 5f°6d* and the large number of levels
without g-values or IS set the limit for additional theoretical assignments.

The small value of the ratio Ninown/Npredict mentioned for U 1is usual in the 1
(free atom) and 11 (singly ionized ion) spectra of f-elements. Not all parameters
involved in the description of a configuration can be derived reliably from the
least-squares fitting on its very low energy part. If SL coupling is obeyed, all
levels of a term have the same dependence on Slater integrals and the determi-
nation of the F*(ff) (k = 0,2,4,6) parameters would require at least four terms of
f" to be known, which is not fulfilled in many free atoms and ions of actinides.
The lowest terms of highest multiplicity have separations that are a function of
only one parameter, the Racah parameter E* = (1/135)F* + (2/1089)F* — (175/
42471)F°. Owing to the strength of the 5f spin—orbit interaction, its off-diagonal
matrix elements lead to term mixings and those intermediate coupling condi-
tions lead to the differentiation of the coefficients of the electrostatic parameters
for all the levels. Hence the least-squares fit does yield values of all the F*(ff) but
with rather large statistical errors.

In order to reduce those statistical errors and to improve the predictive
character of the parametric calculations, the techniques of generalized least-
squares (GLS) first used by Racah and coworkers in 3d-elements have been
applied to actinides (Blaise et al., 1980). It is known that for long periodic
trends, the parameters determined as described above have a slow empirical
dependence on Z. The simple expansions of the parameters as P = A(P) + (n—7)
B(P) + (n-7)>C(P) lead to the determination from all the known levels of 5f"7s*
and 5f"7s, of the 4, B, and C GLS-constants for the parameters F*(ff), «,
and y. In the singly ionized free ion spectra, 112 levels of seven elements from
U 1 5f*7s through Es 11 5f'!7s were interpreted by this GLS method with 22 free

parameters and a small error of ¢ = 84 cm .

16.7.2. Comparisons with ab initio radial integrals

Various ab initio studies of atomic systems have confirmed Racah’s empirical
statement that in 3d” atoms and ions the radial integrals are smoothly Z-
dependent. The same trends are found in the 4d, 4f, 5d, and 5f elements.
Consider the theoretical values from relativistic HF (HFR) calculations



1866 Electronic structures of free actinide atoms and ions

(Crosswhite, 1975). Fig. 16.9(a) shows various cases with certain regularities.
The integrals F¥(ff) all increase with atomic number, the increase approaching
linearity for the second half of the series. The ratios of the limiting slopes of F*:
F*F°® are 1:0.643:0.464. The numerical values of the integrals for 5f"7s* are for
Th 149704:31366:22660 = 1.0:0.631:0.456 and for Fm 1 90499:58914:43210 =
1:0.651:0.477. For hydrogenic-shaped 5f radial functions, the ratios are
1:0.688:0.527. The similarity to hydrogen can be taken to mean that over the
range in r which includes most of the HF 5f radial function, the potential does
not change greatly from that for a fairly constant effective nuclear charge Z*.
The increase of the F* integrals with Z corresponds to the actinide contraction.

Fig 16.9(a) shows that the HF values of F k(ff) are only mildly affected by
changes in the outer electrons and for each k, converge toward the same limit
with increasing Z, independent also of ionic charge. The change in the integral
for constant Z but varying number of 5f electrons is much greater and amounts
to a constant shift. All these effects are in the direction expected for changes in
the shielding of the 5f electrons. The HFR overlap integrals FX(5f6d) and
G*(5f6d) in Fig. 16.9(b) and (c) show the opposite effect: they decrease with Z
because the 5f functions contract while the 6d functions remain constant, and
they are more sensitive to the number of 7s electrons, that affects their relative
shielding. The one-electron integrals s which are proportional to <1/r*>,
increase with Z and their dependence on outer electrons is consistent with
shielding effects. The effect of increasing Z on {4 and (¢ is shown in Fig. 16.9(d).

Now consider the experimental parameters and how they compare with
theory. Table 16.3 presents some experimental values of F¥(ff) parameters, the
corresponding HFR integrals and several ways of comparing them. The experi-
mental parameters P, are all smaller than the calculated integrals Pyrgr, which
is an almost universal characteristic throughout the periodic table. The ratio
(Pexp/Prrr) is roughly 2/3 with irregular variations. Another ratio is F k/F that
can be formed independently for P, and Pypr. A third possibility is the
difference (Pexy—Purr) that was found to be nearly constant for each F k for
tripositive lanthanide ions (Carnall et al., 1978). It should be stressed that
parameter comparisons are meaningful only if they have been derived with
similar approximations, i.e. the same terms in the Hamiltonian operator
were calculated on similar sets of configurations, only the number n of core
electrons being varied. Parametric studies still continue to make general trends
better known.

16.8 SUMMARY OF ACTINIDE CONFIGURATIONS

Table 16.1 lists the lowest level of all known actinide configurations of the
species studied and Table 16.2 shows the lowest level of some common config-
urations of the neutral actinide spectra. Thousands of higher levels are known,
but for this survey we are more interested in generalities than in details. The
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trend of analogous configurations as a function of atomic number in the neutral
atoms has been shown in Figs. 16.3(a), (b), and 16.6. The relative configuration
energies as a function of ionization stage are given in Table 16.4 for Th —1v 5f,
6d, 7s, and 7p, showing that the 5f configuration becomes increasingly more
stable as outer electrons are removed (5f gains 17000 cm ' over 6d in going from
Th 1 to Th 1v). The change in 5f energy with increase in atomic number
corresponds to the actinide contraction, which increases the effective nuclear
charge Z*. Increasing ionization also increases Z* by reducing the shielding of
Sfelectrons from the nucleus as outer electrons are removed. The effect on the 5f
energy is thus in the same direction as with increasing Z. The outer electrons 7s
and 7p are more nearly hydrogenic and have energies that become more
negative as approximately the square of the ionic charge (about the same for
all Z). Hence the 7s—7p difference increases with ionic charge.

Racah (1950) treated the term structure of Th 11 in a classic paper on least-
squares parameter fitting in intermediate coupling with CI. With these off-
diagonal matrix elements included, the calculated energies were in much better
agreement with observation, and in addition, the calculated g-values were also
in better agreement than the pure SL Landé g-factors. This has been the general
experience in fitting spectra with more than two electrons: the better the energy
fit, the better the g-value fit; it also applies to other properties such as IS, hfs,
and relative intensities of transitions, and thus lends confidence to the calcula-
tion. Attempts to make the g-value fit more exact by trying to fit the energies
and g-values simultaneously have not been successful because these are not
independent quantities. If the calculated g-values are not more or less in agree-
ment with observation, it is an indication that some interactions are missing
from the energy matrix. Since parameter fits in the general case are not exact
and are in a state of flux, no attempt has been made in Table 16.1 or 16.2 to try
to include calculated g-values or other calculated properties. Comparison of g
(exp) with calculated SL g-values serves as an indication of how much interme-
diate coupling and CI are present and not that the assignment is in doubt.
Tables 16.1 and 16.2 show that, in moving toward the middle of the actinide
series, the multiplicity increases in accord with Hund’s rules.

Thus in Pa 1 (the first true actinide with a 5f electron in the ground state),
there are quartets and sextets (and also doublets in the higher states), whereas in
Am 1 there are octets and decets (and also sextets, quartets, and doublets). This
has a profound effect on the intensity distribution of the observed spectral lines.
In pure SL coupling, there is a selection rule AS = 0 (octet terms have transi-
tions only to octets, etc.). In intermediate coupling, as obtains in the actinides,
there are off-diagonal spin—orbit matrix elements between terms of adjacent
multiplicity (AS = 0, £1), which means that octet terms, for example, will also
have some decet and sextet eigenvector components, and therefore have transi-
tions to decet and sextet terms. There will be, however, no transitions to quartet
and doublet terms. The strong lines (those involving the low terms) will
therefore consist of transitions between terms of high multiplicity that are
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comparatively few in number. There will also be transitions among the terms of
low multiplicity but these will be very numerous and weak. The observed Am 1
spectrum thus consists of a relatively small number of strong lines superimposed
on a weak complex background. The strong lines are easy to classify into a
transition array; the weak lines are not. The determination of the G* parameters
requires knowledge of terms of all multiplicities, not obtainable from just the
strong lines. At the beginning of the actinide series, by contrast, the multi-
plicities are all low and the AS selection rule is not so restrictive, hence the
range in intensity is not so great. In fact Pa 1 appears at first sight to have the
most complex spectrum of all the actinides because of the comparatively
uniform intensities, despite fewer expected terms. The Pa spectrum is further
complicated by the presence of hfs. Many transitions have four hfs components
that have a large degradation in intensity because of the low nuclear spin (**'Pa,
I =13/2) and low J values, so they often cannot be distinguished from neighbor-
ing weak lines. In Am (for the relatively long half-life isotopes **'Am and
2B Am, I = 5/2), each level has six hfs components when J > 5/2, in Bk and Es
(for >*Bk and *>’Es, I = 7/2) each level has eight hfs components when J > 7/2,
with less degradation so they usually stand out from the background. Hence the
analysis and interpretation of a spectrum like Pa is no easier than for later
elements with larger multiplicities.

Another characteristic of the actinide series is the fact that the L values for f”
go through a maximum not at the half-filled shell, as in the case of the S values,
but at the one-fourth and three-fourths-filled shells. Thus the ground state of
Npi1f 4ds? is L,y 51> and for Np(1) f*d%s it is M 1/> 5/o. These high J values
are poorly excited by electron collision in the light source, so transitions to the
highest J levels are weak and hard to find, in contrast to multiplets at the
beginning of the actinides. For the three-fourths-filled f” shell, the multiplets
are inverted and not so much of a problem. The high L values for Np have a
considerable effect on the hfs because the large orbital angular momentum
produces a high magnetic field at the nucleus that increases the orbital contri-
bution. The Np 1 ground level has a total width of 0.776 cm ™" in spite of having
no unpaired s-electron, the usual source of large hfs (Fred ez al., 1977). Bk 1and
Es 1 have even larger widths, 1.150 and 1.532 cm ', due to larger nuclear spin,
larger J value, and larger Z (Worden et al., 1974, 1987). The ability to measure
the intervals of the hfs patterns to better than 1 part in 1000 is a great help in the
empirical analysis of these spectra. Moreover, the quantum numbers of the
various levels can be obtained by comparing the relative widths with those
calculated by standard hfs theory.

To summarize, the spectroscopic properties of all the actinide elements that
can be studied by conventional emission spectroscopy, Ac to Es, have now been
investigated experimentally and theoretically. The present status is satisfactory
in that most of the electronic structure information of interest for actinide
chemistry is available. The experimental completion of the determination
of the electronic structure of the last four elements in the actinide series will
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take considerable effort and new techniques due to the limited availability of
the elements and their short half-lives. Theoretical estimates together with
extrapolations (e.g. Vander Sluis and Nugent, 1972; Brewer, 1984) from the
known structure of the lower actinide elements are needed. In addition, further
efforts are required to provide the complete details for some of the lighter
actinide elements.

16.9 NEW PROPERTIES OF ACTINIDES DETERMINED
BY CONVENTIONAL SPECTROSCOPY AND MATERIAL LEFT
FOR DATA REDUCTION

The signs of the nuclear magnetic moments in both **’Cf and 2*'Cf have been
determined to be negative (Conway et al., 1995). From the examination of the
direction of degradation of the hfs of the ground and first excited levels in the
second spectrum of 29(Cf, the 1,7, and the *I;s of 5f'°7s were found to be
inverted and regular, respectively. Since the hfs of both isotopes degraded in the
same direction, it was concluded from this data that the sign of the nuclear
magnetic dipole moment of both isotopes is negative. The nuclear spins of both
isotopes were confirmed as 9/2 for **’Cf and 1/2 for **'Cf. A large number of
Z1Cf lines with two components were observed indicating the nuclear spin of
this isotope is 1/2. With the high J values involved in most Cf transitions, the
off-diagonal components for **'Cf are very weak (3% or less of the total
intensity when J > 3) (White, 1934) and so they were not observed in the spectra
resulting in many lines with two components.

There is considerable actinide spectroscopic data awaiting analyses. One
complete set of photographic plates for Bk taken on the ANL spectrograph is
in storage at LLNL. The Bk structure was determined from measurements of
photographic plates taken on a 3.4 m Ebert spectrometer with a special high-
angle grating and order sorter (the resolution and dispersion were about equal
to that of the ANL spectrograph). Worden, using a Grant comparator at
LLNL, measured the plates and then the data were analyzed (Worden et al.,
1987). Some of the Zeeman spectra taken on the ANL spectrograph were
measured (again by Worden) to determine Landé g-values used in the level
analyses. A complete set of plates was taken in 1976 on the ANL spectrograph
using EDLs with the major isotope **°Cf and known **’Cf, *°'Cf, and *>’Cf
content, including some with an additional spike of **>Cf. The IS values for
20Cf vs 24Cf, 2! Cf, and *>>Cf should result from measurements of these plates
as well as a better set of wavelengths (there are no hfs and subsequent broaden-
ing with 2°°Cf as there is with the current **’Cf-line list). Improved analyses of
the neutral and especially the first ion spectra (where the hfs is larger) should
be possible.

The complete Es spectrum was measured on the ANL spectrograph in 1975.
Earlier measurements were done at LLNL (Worden et al, 1974). The ANL
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photographic plates should produce a much more complete list and many
more levels should be obtained. Blaise and Wyart are currently working on
these data to improve the analyses of the Es 1 and 11 spectra (Blaise et al., 2003;
Wyart et al., 2005).

16.10 LASER SPECTROSCOPY OF ACTINIDES

A large number of hfs 4 and B factors for **U have been determined by laser
spectroscopy. The data list included 35 odd (28 low-lying odd levels of the
configuration 5f°6d7s%) and 34 even levels from 15500 to 31000 cm ™', many
with very high precision (Childs ez al., 1979a,b; Hackel et al., 1979; Greenland
etal., 1981; Avril et al., 1986, 1994; Demers et al., 1986). A very large number of
high-lying upper levels of both parities have been found by multi-step laser
spectroscopy of U by researchers in the USA, France, England, India, Japan,
and China. However, these level determinations are inaccurate (uncertainties
ranging from 0.5 to 2 cm ') as compared with typical emission spectra levels
derived from grating spectrographs or FTS instruments (with 0.02 to 0.001 cm ™!
uncertainty) so no references are given.

The signs of the ground state 4 and B factors of neutral >*' Am (Le Garrec
and Petit, 1986) and ***Am (Meisel et al., 1987) have been determined by high-
resolution laser spectroscopy of the Am isotopes to be 4 < 0 and B > 0. The
242mAm isotope has the same sign because the hfs has the same degradation.
Considerable laser spectroscopy of Pu has been accomplished, but little except
the IP has been published in the open literature (Worden et al., 1993). The same
is true of Np where the energy separation of 24.27 cm ' between the two lowest
levels of Np 11 (Fred and Blaise, 1978) was used to help confirm the observation
of Rydberg series in Np 1 (Worden and Conway, 1979). A review of multi-step
laser excitation of lanthanides and actinides has been published (Worden and
Conway, 1980) with a discussion of properties that can be determined by the use
of laser spectroscopy.

16.11 IONIZATION POTENTIALS OF ACTINIDES BY
LASER SPECTROSCOPY

The precise determination of the first IP of the actinide elements is important for
the identification of systematic trends in binding energies of the elements. It is
also important for drawing conclusions about the electronic structure of the
atoms, since the first IP is directly connected to the atomic spectra. Information
about the electronic structure of the actinides is required to predict deviations
from the regularities of the periodic table (Pyykkoé and Desclaux, 1979) caused
by relativistic effects which are expected in this region as a result of the relativ-
istic mass increase of the inner electrons (Pyykko, 1988). The IPs are useful
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quantities in the Born—Haber cycle (Morss, 1971) and also allow comparison
with predictions of multi-configuration Dirac—Fock calculations (Fricke et al.,
1993), a successful theoretical treatment for heavy multi-electron atoms.
Ionization energies of the neutral atoms were derived by Sugar using interpo-
lation of the series properties of the 5f"7s8s configurations. They are given in
Table 16.5 (Sugar, 1974). The first accurate experimental value of an IP of an
actinide element was by multi-step laser spectroscopic observation of reason-
ably long high-energy Rydberg series in uranium by Solarz et al. (1976) who
obtained the value 49958.1(4.0) cm . In the Solarz technique, delayed ioniza-
tion by use of a CO, laser was employed to separate the short-lived valence
levels from the long-lived Rydberg levels enabling their detection in the very
complex spectrum. The photoionization limit was often determined first to
limit the scan range needed for measuring Rydberg levels to less than 50
to 100 cm™". Such a limit is usually easy to detect by the sharp rise in ions as
the photoionization laser is scanned in a multi-step excitation scheme. These
were normally determined with the apparatus used in the configuration without
delayed field ionization (Worden ez al., 1978). In an experiment similar to that
of Solarz et al., Coste et al. (1982) used delayed field ionization to measure an

Table 16.5  First IPs (IP..,) of the actinide elements determined by RIMS. Tabulated are
also IPs (IP) from laser spectroscopy measurements. The method and reference is given in
column 5 (RA = comparison of lifetimes of Rydberg and autoionizing states, RC = Rydberg
convergence limits). The predictions by extrapolation of spectroscopic data (Sugar, 1974)
are given in column 6.

Actinide  IP,, (cm™) 1P, (V) 1P (em™)  Method and Extrapolated

element (RIMS) (RIMS) (others) references (Sugar, 1974)
Ac 43398(3) 5.3807(3) 41700(1000)
Th 50867(2) 6.3067(2) 50890 RA (Johnson  49000(1000)
(20) et al., 1992)
Pa — — 47 500(1000)
U 49957(2) 6.1939(2) 49958(4) RC (Solarz 48 800(600)
et al., 1976)
49958.4 (Coste et al.,
5) 1982)
Np 50535(2) 6.2655(2) 50536(4) RC (Worden 49900(1000)
and Conway,
1979)
Pu 48 601(2) 6.0258(2) 48 604(1) RC (Worden 48 890(200)
et al., 1993)
Am 48 180(3) 5.9736(3) 48 340(80)
Cm 48324(2) 5.9914(2) 48 560(200)
Bk 49989(2) 6.1978(2) 50 240(200)
Cf 50 665(2) 6.2817(2) 50 800(200)
Es 51358(3) 6.3676(3) 51 800(200)

RA, Rydberg autoionization; RC, Rydberg convergence of relative long series.



IP of 49958.4(5) cm ™' for the U atom. The IP of neutral Np was measured at
50536(4) cm ! using similar laser techniques (Worden and Conway, 1979).
These values are, respectively, 2 and 1% larger than Sugar’s estimates (see
Table 16.5). Rydberg levels have been measured by delayed field ionization
and were created by a number of different processes (Worden et al., 1978;
Worden and Conway, 1980) including collisional ioniziation converging to the
ground state and auto-ionization levels converging to excited levels in the ion.
The IP of >*’Pu was measured using a number of laser methods by Worden et al.
(1993) to obtain the value 48604(1) cm™'. The experiments included the obser-
vation and measurement of hfs of **’Pu and the IS of ***Pu-**°Pu in auto-
ionization levels, the first such measurement for an actinide.

16.12 FIRST IONIZATION POTENTIALS OF THE ACTINIDES BY
RESONANCE IONIZATION MASS SPECTROMETRY

The first IPs of the common lighter actinide elements Th, U, Np, and Pu have
been determined by laser spectroscopy (Solarz ez al., 1976; Worden and Conway,
1979; Coste et al., 1982, Johnson et al., 1992; Worden et al., 1993). The
most precise measurements were performed by the study of long-lived Rydberg
series converging to one or more limits in the ion. For these elements, gram
amounts of the metal were readily available for use in experiments. About 1 g of
material was used to determine the IP of Np by these techniques (Worden and
Conway, 1979). As much as 2 g of **Pu was used for the determination of the IP
of 2*’Pu by the observation of the threshold of ionization and of a large number
of Rydberg series that converged to five separate limits in the ion (Worden et al.,
1993). A large amount of other types of spectroscopy was done with these
samples that was not part of the IP determination and has not been published.

RIMS, first developed for ultra-trace analysis of actinide nuclides (Ruster
et al., 1989), has been introduced as a method that allows the accurate determi-
nation of the first IP of the actinides with samples of only 10'? atoms (~400 pg)
or less. This makes possible the measurement of IPs of the heavier actinides and
some light actinides that can be conveniently handled only in small quantities
because of the strong radioactivity or that may be available only in very limited
amounts.

The method is based on the determination of the photoionization thresholds
in the presence of an external electric field and is explained in detail in a number
of papers (Riegel et al., 1993; Trautmann, 1994; Kohler et al., 1997; Erdmann
et al., 1998). There it is shown that the observed ionization threshold is propor-
tional to the square root of the electric field strength E. For the determination of
the first IP, the wavelength of the laser for the ionizing step in a multi-step
process is scanned across the threshold in the presence of E. The ionization
threshold W, (E), the total energy of the exciting lasers, is indicated by a sudden
increase of the ion count rate. This procedure is repeated for various electric
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field strengths and the extrapolation of W, (E) to zero field strength leads to the
energy of the first IP.

The experimental set-up (Ruster et al., 1989) for resonance ionization mass
spectrometry generally consists of three tunable dye lasers pumped by two
pulsed copper vapor lasers (6.5 kHz pulse repetition rate, with 30 and 50 W
average output power, 30 ns pulse duration) and a time-of-flight (TOF) mass
spectrometer. The dye laser beams are focused into the TOF region where they
interact perpendicularly with the atomic beam of the element under investiga-
tion. Ionization by two- or three-step resonant laser excitation takes places in
the presence of an electric field. The importance of 6.5 kHz excitation is for
efficient excitation of the atoms in the atomic beam of this set-up. Special care is
taken to make the electric field homogenous and to keep it free of stray electric
fields by use of corrective electrodes.

For the determination of the first IP of actinium (Waldek ez al., 2001), a
frequency doubled titanium-sapphire laser pumped by a NAYAG laser
(Griining et al., 2004) was used for one-step resonant excitation and a dye
laser for the ionization step. In all experiments, the wavelengths of the laser
beams were measured by pulsed wavemeters with a precision of AA/A = 10°°.

One crucial part for the application of resonance ionization mass spectrome-
try to determine the first IP is the creation of an atomic actinide beam. This is
achieved by resistive heating of a sandwich filament consisting of a thin tanta-
lum foil on which the element under investigation is electrochemically deposited
in the form of the hydroxide (3 mm spot) and covered with a thin layer (~1 um)
of titanium or zirconium produced by sputtering. By heating such a sandwich
filament, the hydroxide is converted to the oxide, which is reduced to the
metallic state during diffusion through the covering layer. For the elements of
uranium up to fermium, a titanium layer was used whereas for actinium the
reduction by titanium was not efficient and therefore zirconium was used.
Efficient release from these filaments occurs at temperatures between 800 and
1200°C, depending on the element. For protactinium, it was not possible to
produce an atomic beam in this way, not even with thorium as reducing agent.
As a result, an experimental value of the first IP of protactinium with RIMS is
still missing.

For all the measurements of the photoionization thresholds either two-step
(Ac, Np) or three-step (Th, U, Pu, Am, Cm Bk, Cf, Es) excitation schemes were
used, each starting from the atomic ground state (Table 16.6). The wavelengths
for the excitation steps were selected by use of energy levels published by Blaise
and Wyart (1992) or by finding levels with scans of the appropriate laser. The
photo-ionization thresholds were determined with various electric field
strengths of 1.6-340 V cm™~'. The precision of the photo-ionization threshold
method was checked by the re-determination of the first IP of Th, U, Np, and
Pu. There is excellent agreement as can be seen from Table 16.5. With quantities
of only ~10'? atoms each, the first IPs of Ac, Am, Cm, Bk, Cf, and Es were
determined for the first time by RIMS. Plots of the obtained ionization
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Table 16.6 Excitation schemes of the actinide elements used for the determination of the
first IP by RIMS. The last step laser wavelength is approximate because the laser is scanned
in the presence of an electric field of various voltages.

Actinide First excited Second excited Ionizing
element A1 (nm) air state (cm™) A (nm) air state (cm™) A (nm)
Ac 388.56 25729.0 — — ~568
Th 580.42 17224.3 622.90 33273.8 ~568
U 639.54 15631.9 591.47 32 534.1 ~577
585.85 32 696.3 ~582
Np 311.81 32061.3 — — ~541
Pu 648.89 15406.6 629.57 31285.9 ~579
Am 640.52 15608.5 654.41 30 885.1 ~578
Cm 655.46 15252.2 640.56 30 859.1 ~573
Bk 565.90 17666.0 720.50 31 541.3 ~544
664.52 32710.3 ~581
Cf 572.61 17459.2 625.04 334537 ~583
Es 561.53 17803.5 661.13 329249 ~544

thresholds of these elements versus the square root of the applied electric field
strength F are shown in Fig. 16.10. The values fit perfectly the linear extrapola-
tion to zero field strength by least-squares fits. The first IP of all the actinide
elements from Ac to Es with the exception of Pa have been determined with
RIMS (Riegel et al., 1993; Trautmann, 1994; Deissenberger et al., 1995; Kohler
et al., 1996, 1997; Erdmann et al., 1998; Peterson et al., 1998; Waldek et al.,
2001). The results are summarized in Table 16.5 together with experimental data
obtained by other methods and published in the literature (Solarz et al., 1976;
Worden and Conway, 1979; Johnson et al., 1992; Worden et al., 1993) as well as
with predictions from extrapolation of spectroscopic data (Sugar, 1974). The
uncertainties of the RIMS values are statistical errors given as two standard
deviations (2¢) derived from the least-squares fits including weighted errors for
each data point.

An attempt to determine the first IP of Fm with 2 to 5 x 10'® atoms of
25Fm (¢1), = 20.1 h) with RIMS failed due to the short half-life of **>Fm and the
fact that no spectroscopic data for Fm were available. However, with a sand-
wich filament, where 2.7 x 10'* atoms of >’Fm were electrodeposited on a Ta
backing and covered with ~1 pm Ti, an atomic beam of Fm was produced at
~1000°C. The atoms were stored for ~40 ms in argon gas buffer-optical cell.
They were resonantly excited and ionized with two beams of an excimer-dye
consisting of a 200 Hz excimer pump laser that runs on XeF at wavelengths of
351/353 nm, and a one-step tunable dye laser. The resulting ions were identified
after extraction from the optical cell with a quadrupole mass filter and a
channeltron detector. Two atomic resonances of Fm were observed for the
first time in this experiment at wavenumbers of 25099.80(4) cm ' and
25111.80(4) cm ', and their lifetimes were estimated (Sewtz et al., 2003).
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Fig. 16.10  Plot of the measured ionization thresholds vs the square root of the electric field
strength E for Ac, Am, Cm, Bk, Cf, and Es. Extrapolation to zero field strength yields the
first IP. With this method, the first IPs of the six actinide elements shown here were
determined experimentally for the first time.

The ionization energies of the process f”'s*> — f”s were calculated by means of
semiempirical Slater—Condon and ab initio HF calculations (Rajnak and Shore,
1978). For the lanthanides as well as for the actinides, the removal of an
s-electron from the lowest f”s® level producing an ion in the lowest f"s level
is the most frequent mode of ionization in the f-series, and these ionization
energies are called ‘normalized TP-IP,’. In all cases where the ground states
differ from the configurations f"s* and f"s, corrections must be made by use of
the known level energies of the lowest levels of the f”s* and f"s configurations in
the neutral and singly ionized atoms. In the lanthanide series (Worden et al.,
1978), it was observed that in a plot of IP, versus n, the plot forms two straight
lines connected at the half-filled shell (n = 7). The change in slope is interpreted
as an effective exchange integral. A similar behavior is expected for the first IPs
of the actinide elements.

In order to compare the experimental results with theoretical predic-
tions (Sugar, 1974; Rajnak and Shore, 1978), the first IPs, normalized to
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5f"7s* — 5f"7s, are plotted versus the number of 5f electrons in Fig. 16.11. The
experimental values of the heavier actinide elements are a little bit lower than the
extrapolated data (Sugar, 1974) and slightly above the HF calculations (Rajnak
and Shore, 1978). For the lighter actinides, the experimental IPs show strong
deviations from the linear dependence, which might be connected to the fact that
the ground states differ from f"s* and most likely are due to CI. As pointed out
(Rajnak and Shore, 1978), the actinide IPs should follow the trend for binding
energies of the s-electrons by forming two straight lines, with a change of slope
at Am, the half-filled f-shell. While the early actinides show considerable scatter,
the higher actinides do follow the predicted behavior very well.

The high precision of RIMS in measuring the first IP of the actinides may also
enable a determination of the isotope dependence of the IP, especially for
elements which differ significantly in their neutron number, like 2**U and ***U
or 2*Pu and ?**Pu. The extension of the method to elements beyond Fm is
difficult due to the limited amounts of material available and the short half-lives
of the transfermium isotopes. For such investigations with online produced
isotopes, an apparatus for RIMS in a buffer gas cell has been developed and
might be suitable (Backe et al., 1997). This method is based on resonance
ionization in an argon buffer gas cell followed by ion-guide extraction and
mass-selective direct detection of the resonantly ionized atoms.
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Fig. 16.11 Comparison of the experimentally determined IPs of the actinides with two
predictions (Sugar, 1974; Rajnak and Shore, 1978). The normalized first IPs (IP,) are
plotted for the ionization process 5f"1s*> — 5f"Is as a function of n, the number of 5f
electrons. A straight line is drawn through the data from Hartree—Fock (HF) calculations
(Rajnak and Shore, 1978) (— a —); the values from extrapolated spectral properties
(Sugar, 1974) (e) and the experimental data IP.;, (®) are given with their errors.
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16.13 LASER SPECTROSCOPY OF SUPER-DEFORMED FISSION
ISOMERS OF AMERICIUM

Fission isomers are interpreted as shape isomers (Bjornholm and Lynn, 1980;
Metag et al., 1980) corresponding to a second minimum in the potential energy
surface (Strutinsky, 1967, 1968). The structure of the fission barrier with a
double hump results from the superposition of shell corrections to the nuclear
binding energy onto the rather flat maximum of the macroscopic part of the
deformation energy as described by the liquid drop model. The double-humped
fission barrier explains the basic features of fission isomers; e.g. their excitation
energy of 2-3 MeV, their stability against y-decay due to the inner barrier, and
their short half-lives for spontaneous fission determined by the penetration of
the outer barrier that is much smaller than the barrier for the spontaneous
fission decay from the ground state. The fission isomers are mainly located in
the actinide region and their half-lives are in the ps- to ms-range and thus 24-30
orders of magnitude shorter than those for spontaneous fission from the
respective nuclear ground states.

The deformation parameter, the magnetic moment, and the nuclear spin can
best be obtained by optical IS and hfs spectroscopy (Otten, 1989). These are
valuable data for testing nuclear matter in the state of extreme deformation as is
the case for fission isomers. A measurement of the IS allows the determination
of the nuclear deformation parameter f3,. If the IS can be measured in chains of
fission isomers, information on the stability of nuclear deformation as a func-
tion of the neutron number can be obtained. Furthermore, by resolved optical
hyperfine spectroscopy, the intrinsic quadrupole moment, the nuclear spin, and
the g-factor can be deduced. However, such experiments are not easy to perform
due to the low production rate of fission isomers, on the order of a few per
second and their very short half-lives (¢;,, < 14 ms).

Bemis and coworkers (Bemis ez al., 1979) provided the first direct experi-
mental proof for the large deformation in **"Am (¢;, = 0.9 ms) by laser
spectroscopy. With the laser-induced nuclear polarization (LINUP) technique,
they determined the relative IS ratio IS?*°7241/1S243241 — 26 8 (20) by measuring
the 640.5 nm optical transition (‘°P5,, — S, for the isotopes 240TAm, 2 Am,
and ***Am.

In order to extend the optical measurements on fission isomers, an ultra-
sensitive technique, radioactive-detected resonance ionization spectroscopy
(RADRIS) in a buffer gas cell, has been developed (Backe et al., 1992b, 1998)
to perform hyperfine spectroscopy of fission isomers produced in heavy-ion-
induced reactions. The method is based on resonance ionization in a buffer gas
cell combined with radioactive decay detection and its feasibility was demon-
strated with the B-active isotope °*T1 (Lauth ez al., 1992). The first experiment
on *Am with the RADRIS technique was done at the Max-Planck-Institut fiir
Kernphysik in Heidelberg (Backe et al., 1992b). The experimental set-up is
shown in Fig. 16.12. The **Am fission isomers were produced via the reaction
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Fig. 16.12  Experimental set-up for fission-detected resonance ionization spectroscopy in a
bul(‘fer gas cell (Backe et al., 1998). For the production of ***Am a deuteron beam hits a
242 py-target and the fission isomers recoiling out of the target are accelerated and focused
with an Einzel-lens system onto the entrance window of the optical buffer gas cell. The anti-
coincidence fission detector is a PIN PD chip and the fission detector a windowless PIN
photodiode. A dye laser and an excimer laser are used for resonance excitation and
ionization. Getter techniques are applied to purify the gases.

242py (d,2n) ***Am by using a pulsed (5 ms on, 5 ms off) 12 MeV deuteron
beam on a 50 pg/em? ***PuF-target with a thin carbon backing. The fission
isomers leaving the target have a recoil energy <100 keV and non-equilibrium
ionic charge states between 10" and 35" (Metag et al., 1980) as a result of
conversion electron transitions followed by Auger cascades. After post-acceler-
ation at a potential of 95 kV, the energy of the fission isomers was high enough
to penetrate a 50 pg/cm? thick entrance window of the optical cell. On their way
to the buffer gas cell, the fission isomers were focused with an Einzel-lens
system. The >**"Am beam at the entrance of the cell amounted typically to 5/s
at a deuteron beam current of 5 pA. The optical cell, filled with 30 mbar argon
and as quenching gas 0.3 mbar nitrogen, was loaded with the fission isomers
during the beam-on periods. A fraction of ~15% of the recoiling ions was
neutralized in the gas (Backe et al., 1992a). The ions, not neutralized in the
collision with the buffer gas, were fixed onto a thin electrode foil (250 pg/cm?) in
front of the anti-coincidence fission detector by applying an electric field. The
gas acted as a storage medium for the neutral fission isomers. The diffusion time
to the cell walls has been estimated to be ~30 ms. Resonance ionization was
performed in the beam-off periods by two-color excitation/ionization. For this,
an excimer laser (EMG 104 MSC, Lambda Physik) lasing with XeF at 351 and
353 nm for the second step and a dye laser (FL 2001, Lambda Physik) for the
first excitation step were used. The resonantly ionized fission isomers were
transported within 1.40(8) ms in an electric field of the ion electrode system to
the fission detector. Fission events originating from isomers sticking on the foil
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in front of the anti-coincidence detector or from neutrals in the gas phase were
completely rejected by the signal, which the simultaneously emitted second
fission fragment generated in the anti-coincidence detection. The bandwidth
of the dye laser could be improved from 6 to 1.5 GHz by means of an intercavity
etalon. Wavelength calibrations and the optimization of the laser system were
performed in an off-line buffer gas cell with the long-lived a-active isotopes
23Am and >*'Am (Backe et al., 1993). During the online experiments, the
wavelength of the dye laser was continuously monitored with absorption in
Te, vapor (Cariou and Luc, 1980).

In addition to the fission isomer ***Am, the **"Am and ***Am fission
isomers were produced. The reaction 2**Pu(p,3n) >**’Am (¢ = 10 pb) with a
pulsed (2 ms on, 2 ms off) proton beam of 23 MeV energy (Backe et al., 1998)
produced the 2**"Am fission isomer. A 14 MeV deuteron beam on a >**Pu
target of 30 pg/cm? thickness (2 ms on, 2 ms off) was used to create the
244 Am fission isomer with 7,» = 1.0 ms via the reaction ***Pu (d,2n) 244Am
(Backe et al., 2000). The target consisted of ***Pu0O, (97.88% ***Pu) on a thin
carbon backing (34 pg/cm?).

Most of the measurements were done with >**’Am. The IS of >**’ Am has been
measured for three optical transitions for which the IS values 1S?**?*! between
the ***Am and **'Am isotopes are known (Worden, 1991-1993; Blaise and
Wyart, 1992). The initial IS measurement was performed at 1, = 468.17 nm
(Backe et al., 1992b, 1993). An IS***"**! (468 nm) = —1.18(9) cm ! was deter-
mined, corresponding to an IS ratio IS?**7241/1S?43/241 — 24 6(24) using IS**¥**!
= 0.048(3) cm ! for this wavelength. A second measurement (Backe ez al., 1998)
with 1; = 499.08 nm yielded an IS***"**! (499 nm) = +2.83(9) cm ' and an
isotope ratio IS?427241/18243241 — 44 9(26) with IS***?*! (499 nm) = 0.063(3)
cm '. The disagreement of the two isotope ratio values originates from an
anomaly in the 468.17 nm transition caused by configuration mixing. The
same explanation can be given for the disagreement with the ~41 value and
the value of 26.8 obtained by Bemis er al. at the 640.5 nm transition. The
configuration mixing is between the 15608 cm ™' level and a level at 15273 cm™!
of the same parity and J with a large IS of opposite sign. A third measurement
(Backe e al., 1996, 1998) at A; = 500.02 nm resulted in an IS***"?*! (500 nm) =
+10.358(14) cm™!. The isotope ratio of IS?#?7241/1§24¥241 — 4] 4(8) was
obtained with IS**¥**! = 0.250(5) cm™ in good agreement with the value at
A1 = 499.08 um.

The IS measurements of >**’Am at the 500 nm transition (Backe et al., 1998)
delivered a resonance signal just 0.56 cm™' away from the one of ***Am. The
[S2407241 — 9 80(3) cm™! corresponds to an IS ratio IS?407241/1§24¥241 — 39 2(8).
The IS of ***'Am relative to **' Am at a wavelength of 500 nm was determined to
be IS**7?*1 — 10.49(4) cm !, with a signal very close to **Am and ***’Am,
which gives an IS ratio 1S**47241/18241243 — 42 .0(9) (Backe et al., 2000, 2001).
Fig. 16.13 summarizes the resonance ionization signals at the 500.02 nm
transition of the fission isomers >*'Am, *Am and ***"Am relative to >*' Am.
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Fi(g. 16.13  Resonance ionization signals of the fission isomers **¥ Am (a), *** Am (b), and
249 g gc) at the 500.02 nm transition (Backe et al., 2001). The IS values to the reference
isotope "' Am are indicated.

Table 16.7 Isotope shifts IS**"**' IS ratios IS**?*/1S**324 | and nuclear parameters
N2 for the fission isomers 2*YAm, **YAm, and **YAm. The measurements were
performed at the 500 nm transition. The deformation parameters B, and the quadrupole
moments Qoo have been calculated with the deformed droplet model (Backe et al., 2001).

Isomer 1S24xf/241 (Cmfl) 1524)(//241/15243/241 224)(/'/241 (fmz) BZ on (Cb)
240fA m 9.80(3) 39.2(8) 5.06(30) 0.690  33.9
22MAm  10.358(14) 41.4(8) 5.34(28) 0.699  34.5
24Am  10.49(4) 42.0(9) 5.41(31) 0.694 344

In the determination of the deformation of the fission isomeric states, the
mass shift contributions were neglected because the normal mass shift is only
0.004% of the measured IS of the fission isomers. The deformation parameters
f» and the intrinsic quadrupole moments O, of the fission isomeric states have
been evaluated (Backe et al., 1998) on the basis of the droplet model (Meyers
and Schmidt, 1983) and from the nuclear parameters employing a charge
distribution of the deformed Fermi model (Brack et al., 1974) with the assump-
tion that the IS between ***Am and ?*' Am comes from a pure nuclear volume
change. The results obtained with the deformed droplet model are presented in
Table 16.7 for the three fission isomers of Am. In the analysis, a hexadecapole
parameter BE = 0.08 has been assumed, which is a theoretical prediction value
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(Howard and Moller, 1980). The small differences of the nuclear charge para-
meters of the three fission isomers (e.g. 42**7?**f = 0.069(21) fm?) result in small
changes of the deformation parameters f§, and the quadrupole moments Q», as
can be seen from Table 16.7.

Precise IS measurements are now available for the fission isomers 2**"Am,
22fAm, and ***"Am obtained with the fission RADRIS method in a buffer gas
cell at very low production rates of ~5/s. The results demonstrate the stability of
the deformation in the second potential minimum if neutron pairs are added in
accordance with earlier calculations (Howard and Modller, 1980). The experi-
mentally determined deformation parameters are a little bit larger than the
theoretically calculated value 5, = 0.61 (Howard and Moller, 1980). The laser
spectroscopic method corroborates independently the charge plunger measure-
ments (Metag et al., 1980) and confirms the extreme deformation of fission
isomers. To illustrate this, Fig. 16.14 shows the quadrupole moments of fission
isomers and nuclear ground states for the lighter actinides. First hyperfine
spectroscopic measurements, required for the determination of the nuclear
spin and the g-factor, have been performed at the 466.28 nm transition of
242fAm (Backe et al., 1996). From the obtained data, a negative g-factor and a
spin of I = 2-3 were derived (Lauth er al., 1998). However, more detailed
deformed shell-model calculations are required for the interpretation of the
measured g-factor of >**"Am. In addition to the results obtained with resonance
ionization spectroscopy in a buffer gas cell, this method should also be applica-
ble for studies of the atomic and nuclear properties of transeinsteinium elements
(Backe et al., 1997; Sewtz et al., 2003).
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Fig. 16.14 Quadrupole moments Q»q in the actinide region for the nuclear ground state
and for the fission isomeric state.
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APPENDIX 16.1 THE CONSTRUCTION OF Es ELECTODELESS LAMPS

The design and construction of the EDL was modified when amounts of ~100
pg or more of Es became available because of the poor yields (<15%) obtained
with no carrier element present (Worden et al., 1968, 1970, and especially
Worden et al., 1974). The vacuum system used to prepare the pure Es lamps is
shown in Fig. A16.1. A 6 mm outer diameter (0.d.) quartz frit was used to
collect and wash ~100 pg of Es oxalate precipitated from a recently purified Es
solution taken from a resin column. The high specific activity (5.6 x 10'® alpha
activity per min per microgram) of ~100 pg of Es prevented collecting and
washing of the precipitate in the usual 6 mm o.d. cone (because the intense alpha
activity stirred up the solid) as done in normal lamp preparation. The quartz frit
was inserted into reaction tube (at this point not sealed to the vacuum system as
shown in Fig. A16.1) and the Es oxalate converted to Es,O3 by heating with a
torch to red heat in the quartz frit with air present. The constriction at
B was then made with a torch while holding the reaction tube vertical. The
reaction tube was then turned horizontal and sealed to the Pyrex system at A in
Fig. Al6.1.

The assembly was pumped down to high vacuum (< 107> Pa) and the entire
quartz part of the assembly was out-gassed with a tube furnace at ~1000°C. The
thin capillary containing the All; was moved so that the iron slugs could break
the tip using external magnets. Then the capillary assembly was moved so
that the tip of the capillary was inside the reaction tube at constriction B. The
All; was then sublimed into the reaction tube with a torch. The Es material and
sublimed All; reactant and the final lamp were sealed off together at point B
under high vacuum. The reaction at 560°C was carried out in a tube furnace
with the reaction tube and lamp blank contained in a stainless steel tube with a

To vacuum

|

Pyrex, 13 mm o.d.

C B A
Quartz } All; reagent tube
i /
V4 Jﬂ_r__ ——l T
L
. Graded seal !
Reaction tube | Irom slug to
l . move All;
Quartz frit with Es oxide (oxalate) Iron slugs in Pyrex to reagent tube
break All; reagent
Lamp blank tube capillary

Fig. A16.1 Vacuum apparatus for the preparation of einsteinium electrodeless lamps.
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sealed screw top for about 3 h. The stainless steel tube was cooled and the
reaction tube and lamp blank removed. The product Esl; plus the excess Alls
was sublimed at ~750-800°C into the lamp blank cooled with wet asbestos cloth
on the end of the lamp. The oven temperature was then reduced to ~500°C and
the All; and other high vapor pressure impurities were sublimed into the
reaction tube cooled with wet asbestos cloth. The lamp was then separated
from the reaction tube at point C using a torch with wet asbestos cloth covering
the lamp and reaction tube. This produced a lamp with up to 90% of the Es
in the lamp, but also many impurities. The lamp life was about the same as
lamps of other actinides prepared by the standard technique.

These procedures for the pure Es lamps were carried out at ANL so the time
from purification of the 20.5 day half-life >>’Es to observation of the spectrum
on the ANL spectrograph was reduced. The minimum time for the process was
reduced to about 12 h vs the previous times of 2-3 days.
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ANL Argonne National Laboratory
AVLIS Atomic Vapor Laser Isotope Separation
EDL electrodeless discharge lamp
FTS Fourier Transform Spectrometers
GLS generalized-least-squares
hfs hyperfine structure
1P ionization potential

IS isotope shifts
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LAC Laboratoire Aimé Cotton
LINUP  laser-induced nuclear polarization
LLNL Lawrence Livermore National Laboratory
NIST National Institute of Standards and Technology
RADRIS radioactive-detected resonance ionization spectroscopy
RIMS resonance ionization mass spectroscopy
TOF time of flight
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